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Abstract
Electrokinetic soil processing is an innovative in situ technique to remove 
contaminants from soils and groundwater. The process is an alternative to 
conventional processes, with significant economic and technical advantages.
A theory is presented for pH gradient development by diffusion and 
convection in electrokinetic processing of soils. The premises and consequences 
of the theory are discussed. Based upon this theory, a mathematical model is 
developed to predict the pH gradient development in electro-osmosis.
Electro-osmosis tests are conducted on saturated kaolinite specimens loaded 
with Pb(H), Cd(D), and Cr(HI) to investigate the feasibility, efficiency, and energy 
requirements of the process in removal of heavy metals. The test results pertaining 
to the flow and the associated electrochemistry (voltage, current, pH gradients , 
and conductivity) are presented. Tests indicated that the flow in electro-osmosis 
with open electrodes is time-dependent and it is strongly influenced by 
electrochemistry generated as a result of the prevailing pH gradients.
High removal efficiency, up to 95 %, was achieved on kaolinite specimens 
loaded with Pb(II) up to 1000 /xg/g of soil. Also the removing efficiency was very 
high (92 to 100 %) for kaolinite specimens loaded with Cd(TI) up to 120 mg/g of 
dry soil. However, tests conducted on kaolinite loaded with Cr(HI) (120 /xg/g of 
dry soil) indicated that only 60 to 70 % of adsorbed Cr(lll) was removed from the 
anode zone.
The influence of fundamental variables affecting the chemistry and 
efficiency of the process such as the current density, the voltage gradient and 
contaminant concentration are also investigated.
The results indicated that the process can be used efficiently to remove ions 
from saturated soil deposits. The cost of the process will be a function of the 
current density and the processing time. In the tests conducted, the energy 
expenditure varied between 11 to 306 kW-hr/m3.
The study demonstrates the feasibility of using this process in 
decontamination and provides a fundamental understanding to the underlying 




Contaminants migrating from unengineered facilities, hazardous waste sites, 
accidental spills, and industrial operations threaten the environment and pose a 
hazard to the public as potential sources of contamination of groundwater. Such 
contamination often involves large volumes of soil underlying several acres of 
surface area. The remediation of these areas is very costly and time consuming; 
therefore there exists an everlasting need to find new economical and efficient 
technologies of remediation for rapid reclamation and rehabilitation of such sites.
The electrokinetic phenomena in soils is envisioned to be used for 
removal/separation of organic and inorganic contaminants and radionuclides, 
barriers and leak detection systems in clay liners, diversion schemes for waste 
plumes, and for injection of grouts, microorganisms and nutrients into subsoil 
strata (Acar and Gale, 1986; Mitchell, 1986; Renauld and Probstein, 1987; Acar, 
et al., 1989; and Steude, et al., 1989).
In the five decades since its first application and use (Casagrande, 1947), 
the mechanics of consolidation by electro-osmosis has been extensively 
investigated by geotechnical engineers. However, studies investigating removal
1
2
of ions from soils by the electrokinetic phenomena are limited, possibly due to 
insufficient understanding of the electrochemistry associated with the process. The 
need to utilize the process in removal/separation of contaminants necessitates a 
good understanding of electrochemistry and its relation to the mechanical 
behavior. The purpose of this study is to provide an understanding to the 
electrochemistry associated with the process and to assess the feasibility of 
removing inorganic contaminants adsorbed on fine-grained soils.
The following objectives are identified for this study.
1- A preliminary analytical model will be developed for the development 
of acid/base distributions in electrokinetic soil processing. The predictions of this 
model for pH gradients across soil specimens will be compared with available 
experimental results ,
2- The feasibility of electrokinetic removal of selected inorganic 
contaminants adsorbed on fine-grained soils will be investigated under controlled, 
one dimensional laboratory experiments,
3- The influence of fundamental variables affecting the chemistry and the 
efficiency of the process such as the current density, the voltage gradient, and the 
contaminant concentration will be investigated. Their effect on the feasibility and 
efficiency of the process will be evaluated.
3
1.1 SCOPE:
Three inorganic contaminants are selected Pb(II), Cd(II), and Cr(III). These 
inorganic ions are typical of heavy metal contaminants in the environment. In this 
study, Georgia kaolinite is used because it is a low activity soil and it has a high 
electro-osmotic flow efficiency. The study is focused on only one dimensional 
laboratory tests since a fundamental understanding of the process is not yet 
developed. The study is also focused on studying the effect of fundamental 
variables (current density and concentration) influencing the efficiency of the 
process. Tests are conducted on soils contaminated with different concentrations 
of Pb(II) ranging from 7.0 percent to 100.0 percent of the cation exchange 
capacity of the kaolinite. The influence of current densities ranging from 0.012 to
0.37 mA/cm2 is also investigated. The results of tests conducted in this study 
together with the understanding developed on the fundamentals of the process 
demonstrate the feasibility and efficiency of the soil processing technology.
CHAPTER H 
LITERATURE REVIEW 
In order to carry out the objectives of this study, available data on 
electrokinetics, laboratory experiments, and field studies are reviewed. Evaluation 
of the past studies on electrokinetic soil decontamination yields inconclusive and 
sometimes inconsistent results. However, recent studies by Lageman (1989) and 
early results of this study ( Hamed, et al. 1991) demonstrate that electrokinetics 
can be efficiently used in soil decontamination. A summary of all literature and 
research studies related to the fundamentals of electrokinetics phenomena and its 
application in soil processing is presented below ( Acar and Hamed, 1991).
2.1 Electrokinetic Phenomena in Soils
Coupling between electrical, chemical and hydraulic gradients is responsible 
for different types of electrokinetic phenomena in soils. These phenomena include 
electro-osmosis, electrophoresis, streaming potential and sedimentation potential, 
as shown in Figure 2.1. Electro-osmosis and electrophoresis are the movement of 
water and particles, respectively, due to application of a low DC current. 
Streaming potential and sedimentation potential are the generation of a current due 
to the movement of water under hydraulic potential and movement of particles 
under gravitational forces, respectively. The effect of coupling becomes more 
important in fine-grained soils with lower coefficients of permeability.
4
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Figure 2.1 Electrokinetic Phenomena in Soils (adapted from Mitchell, 1976)
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In electro-osmosis, electrodes can be placed in an open or closed flow 
arrangement. Open flow arrangement constitutes the case when an electrode is 
sufficiently permeable to admit ingress and egress of water. In the closed flow 
arrangement, the electrode is not permeable or porous. Different electrode 
configurations ( open or closed) result in substantial variations in the total matrix 
potentials across the soil specimen.
Figure 2.2 presents a schematic diagram of the matrix potentials (pressure 
head) developed in a soil specimen under constant current (or voltage) conditions. 
In Case I of Figure 2.2, the water in a reservoir behind the anode would permeate 
through the soil to displace the pore fluid. In Case II, where ingress of water is 
prevented at the anode, negative matrix potentials are generated in the soil 
increasing the confining stress proportionally until equilibrium conditions are 
reached by the flow of water from the anode to the cathode. This arrangement 
has often been used by geotechnical engineers to consolidate soil deposits. In 
Case ID, positive pore pressures are developed reducing the confining stress which 
may potentially lead to swelling. In Case IV, the matrix potential drops at the 
anode and increases at the cathode. The water level will rise in the cathode side, 
and drop at the anode side
The electro-osmotic flow rate, qc, is defined with an empirical relationship, 
qe = Keie A = K jl = K,. I
7
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Figure 2.2 Schematic Diagram of Matrix Potential Generated With Different 
Electrode Configurations ( Acar, et al., 1989 )
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where K,, = coefficient of electro-osmotic permeability (cm2/sec-V), k; = electro- 
osmotic water transport efficiency (cm3/amp-sec), I = current (amp), a = 
conductivity (siemens/cm), i,. =  electrical potential gradient (V/cm), A = cross- 
sectional area (cm2). Estimates of electro-osmotic flow rates can be made using 
equation (1). K,. varies within one order of magnitude for all soils; 1 x 10'5 to 
10 x 10*5 (cm/sec)/(V/cm), the higher values being at higher water contents.
Figure 2.3 presents a schematic diagram of one-dimensional laboratory tests 
in electrokinetic soil processing. The prevailing electrical gradients, and the ion 
flow are also depicted. A comparison of flow under electrical and hydraulic 
gradients in clays is also provided. The coefficient of electro-osmotic permeability 
is independent of the size and distribution of pores (fabric) in the soil mass. 
However, hydraulic conductivity is most affected by the fabric. In general, 
hydraulic conductivity decreases by five to six orders of magnitude (10*3 cm/sec 
to 10*® cm/sec) from fine sands to clays. Figure 2.3 indicates that under equal 
gradients, electrical potentials in fine-grained soils would result in three orders of 
magnitude larger flows than hydraulic potentials. Therefore, electro-osmosis 
induced flow can be considered to be an efficient pumping mechanism in 
saturated, low permeability, fine-grained soils.
The efficiency and economics of electro-osmotic dewatering is governed by 
the amount of water transferred per unit charge passed, which is quantified by the 
electro-osmotic water transport efficiency, K;. The parameter may vary over
9
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Figure 2.3 A Schematic Diagram of Electrokinetic Processing, Ion Row and 
Comparison of Row in Clays ( Hamed, et al., 1991)
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a wide range from 0 to 1.2 cm3/amp-sec depending upon the electrical 
conductivity of the porous medium. The conductivity changes with water content, 
cation exchange capacity and free electrolyte content in the soil and also due to the 
prevailing chemistry during electrokinetic processing. An approach to quantifying 
this amount in soil-water-electrolyte systems is proposed by Gray and Mitchell 
(1967). Their study indicated that electro-osmotic efficiency decreases with a 
decrease in water content and an increase in activity of the soil. The electro- 
osmotic dewatering efficiency is independent of variations in electrolyte 
concentration (sodium ion) for active clays, while an increase in electrolytes tends 
to decrease the efficiency in inactive clays.
Recent studies by Lockhart (1983) substantiate the conclusions of Gray and 
Mitchell (1967). IQ increased from 0.32 to 1.20 cm3/amp-sec with the decrease 
of NaCl and HC1 concentrations from 10'1 M to 10-3 M. IQ decreased by an 
increase in electrical gradients, possibly due to a higher influx of H+ ions 
(Hamed, et al., 1991). Lockhart (1983) shows that a higher electro-osmotic 
efficiency is recorded with H and Cu clays.
2.2 Review of Theories for Electro-Osmotic Water Transport:
Reuss in 1809 was the first to discover that when an electric potential is 
appbed to a porous medium, water moves through the capillaries from the positive 
side (anode) to the negative side (cathode); and that when the electric potential is
11
switched off, the flow of water stops. This phenomenon has been called " electro­
osmosis
Electro-osmosis technique have been used since the 1930’s in solving a 
variety of soil stabilization and foundation problems. It has been of interest to 
geotechnical engineers for the last five decades as a technique for ;1- improving 
stability of excavations (Chappell, et al., 1975), 2- increasing pile strength 
(Butterfield, 1980), 3- stabilization of fine grained soils (Mitchell, et al., 1977),
4- removal of metallic objects from the ocean bottom ( Esrig, et al., 1966), 5- 
decreasing pile penetration resistance (Begemann, 1953; Thompson, 1971), 6- 
increasing petroleum production (Amba, 1964), 7-determination of volume change 
and consolidation characteristics of soils (Baneijee, etal., 1980), 8- separation and 
filtration of materials in soils and solutions (Yukawa, et al., 1976).
Over the years, a number of theories have been proposed to explain the 
mechanism by which the pore water is transported; namely, the Ionic transport 
theory, the Helmholtz-Smoluchowski model, Schmid model, and the Spiegler 
friction model. These theories provide a rational explanation of how the pore fluid 
is transported in electro-osmosis. A brief review is presented for background.
2.2.1 Double Electric Layer Theory (Helmholtz)
In a cylindrical capillary tube filled with water, Helmholtz assumed the 
existence of opposite electric charges on two layers forming together the double
12
layer, as shown in Figure 2.4a. A mathematical theory for electro-osmosis flow 
in a cylindrical capillary tube was derived. The following assumptions have been 
made:
1. The liquid containing excess positive ions is oppositely charged to the rigid wall 
of the capillary tube, forming an electric double layer along the wall,
2. The thickness of the double layer is very small compared with the linear 
dimensions of the cross section of the tube,
3. The outer part of the double layer which is in contact with the wall is very thin 
and it is not movable. It is fixed to the wall regardless of the force imposed on the 
liquid in the tube,
4. The much thicker inner part of the double layer which carries the positive 
charges was termed by Helmholtz the movable part; movable, because if an 
electric potential is applied to the capillary , the positive charges move toward the 
negative pole. In doing so, they drag along the water molecules of the movable 
part of the double layer,
5. Only a laminar flow of liquid can occur, so that the line of flow is parallel to 
the axis of the tube,
6. The wall is an insulator and the contained liquid possesses the property of 
electrolytic conductance. If we assume that no other forces are acting upon this 
cylinder of free water its rate of flow will be constant and the velocity distribution 
will be as shown in Figure 2.4a where ;
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Figure 2.4 Comparison of Electro-osmotic Flow With Hydraulic 




Therefore in a capillary tube, the quantity of liquid moved in a unit of time 
by electro-osmosis can be computed from the following equation.
E = the electric potential, D = the dielectric constant of the liquid, r = the 
radius of the capillary, f  = the zeta potential ,which is defined as the potential 
existing between the rigid and the movable parts of the double layer, rj = the 
viscosity of die liquid, and L = the length of the capillary between the electrodes. 
If we let ~D£/4r)ir = cl ; where q  is a constant, and xr2 = a cross section area 




In a laminar flow regime, the rate of electro-osmotic flow for a bundle of N 
straight capillaries in the total cross sectional area A ,and with void ratio e, would 
be ;
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from the above equation it follows that electro-osmotic coefficient of permeability, 
Ke , is independent of the size of the capillaries. The dimensions of Ke are 
(cm2)/(volts)(sec.), Since IQ is independent upon the pore size of the soil, it 
follows that the zeta potential does not change very much within the ordinary 
range of concentration of electrolytes as found in soils. However, for high 
concentrations of electrolytes, it is possible that the zeta potential can drop to zero 
leading to a decrease in electro-osmotic water transport.
5.2.2 Schmid Theory :
Schmid (1857) ignored the existence of the double layer and proposed that 
the counter ions are uniformly distributed throughout the entire liquid volume of 
the pore or capillary. As a result of this assumption the electrical forces act 
uniformly over the entire pore cross section area rather than just along the double 
layer as in the Helmholtz theory. The resulting flow distribution is parabolic with 
zero velocity at the wall as shown in Figure 2.5. Therefore, the Schmid theory 
brings only an update to the velocity profile in the capillary.
7& //77?//777///777/,777//777//777//777//7777/S777//777///Z
V e l o c i t y  P r o f i l e+ N e tF o r c e
?22Z77ZZZ772ZZ77ZZZ77ZZZ?7ZZZZ77ZZZZ7ZZZZ7ZZZZ77ZZZ77ZZZ?7ZL
Figure 2.5 Schmid Model for Electro-osmosis
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2.2.3 Spiegler friction model
A completely different model is presented by Spiegler (1958) which 
describes the flow of cations, anions, and water through a permselective porous 
plug.
Spiegler derived the following equation for electro-osmotic transport of 
water across an ion exchange membrane.
C 3Q=W-H= -
Cj+C3* 3 4  <2 -8 >
* 3 1
where ;
0 = the true electro-osmotic flow ( mole/Faraday )
W = total moles of water transported per Faraday 
H = ion hydration, moles/Faraday
C3 = the total (analytical) water concentration in the membrane .
Q  = concentration of mobile counter ions in the membrane, mole/sec.
X34 = friction coefficient between water and solid wall.
X13 = friction coefficient between cation and water.
The assumptions Spiegler used in derivation of equation (2.8) were as follows :
1. Exclusion of co-ions; that the medium admitting ions of only one sign. 
Therefore the friction coefficient between cations and anions are neglected,
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2. Complete dissociation of pore fluid ions.
The coefficients X34 ,X31 can be calculated by independent measurements of self 
diffusion of cation and anion respectively, the transference number, the specific 
conductance and electro-osmotic water transport. So, the above equation is limited 
in its usefulness as a predictive equation. But the real value of the above equation 
lies in providing a relatively simple physical picture for complex processes that 
occur during electro-osmosis. So, the following conclusion can be made regarding 
the qualitative predictions of this model;
- At high water contents and for large pores, the friction term will vanish by X34 
tending to zero, then equation 2.8 became;
0 = C3/C! (2.9)
Equation (2.9) indicates that as the ratio of water to cations increases, the electro- 
osmotic flow will increase.
A major limitation of the above three theories is their exclusion of the 
changing chemistry due to time-dependent changes due to electrode reactions.
2.3 Potential Uses of Electrokinetics in Waste Management
The four electrode configurations given in Figure 2.2 could potentially be
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used in the following ways in waste disposal (Acar, et al. 1989): (1) Dewatering 
of waste sludge slimes, dredged spoil by first concentrating the solid particles 
using electrophoresis and subsequent consolidation by electro-osmosis (Mitchell, 
1986), (2) Electro-osmotic flow barriers (Mitchell and Yeung, 1991), (3) Leak 
detection systems for disposal facilities, (4) Injection of grouts to form barriers 
(Esrig, 1967), (5) Provide nutrients for biodegrading microcosm, (6) Insitu 
generation of reactants such as hydrogen peroxide for cleanup and/or electrolysis 
of contaminants (AFESC, 1985), and (7) Decontamination of soils and 
groundwater. Figure 2.6 conceptualizes electrokinetic clay barriers, waste plume 
diversion schemes, and electro-osmotic injection.
Insitu remediation methods often necessitate the use of hydraulic charge and 
recharge wells to permeate the decontaminating liquid or stabilization agent 
through the soil deposit, or to provide nutrients for the biodegrading microcosm. 
Although such systems may effectively be used in highly permeable soils, they 
become inefficient and uneconomical in low permeability silts and clayey deposits. 
Electrokinetic soil processing with open electrode configuration could also be used 
to achieve an efficient seepage and decontamination method in such soils.
2.4 Synthesis of Available Data
Studies investigating removal of ions from soils by electro-osmosis are rare 
possibly due to difficulties in understanding the chemistry. Table 2.1 provides a
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(b) Plume Diversion Scheme
(c) Electro-osmotic Injection
Figure 2.6 Schematic View of Different Applications of Electrokinetic Phenomena in 
Remediation
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1. Puri and Anand (1936) 






A Bucher funnel w as used in testing. The diameter 
w as 18 in. Cathode is circular brass plate. Anode 
consists of five cylindrical bars arranged symmetri­
cally along the circumference. Na normality of 
percolate increased up to 0 .6  N. The effluent w as 
90% NaOH. 10% Na3C 03.
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1-D tests . Cylindrical specimens ID = 0 .7 5  in.. L 
= 1 in.). Circular platinum electrodes. Rate of 
removal of monovalent ions were directly related to 
the amount remaining in the specimens. The rate 
of removal w as in the order of Na* >  K* >  Mg3* 
> Ca3*. Na* w as removed more efficiently than all 
other ions. Tests were discontinued when m ost 
Na* w as removed. Concentrations reported are in 
symmetry units.
3. Krizek, et al. (1976)
Slurry/Sediment












I0.5I 150 N/A 20
Slurries (w = 100 - 142%) from discharge pipes 
and contaminated bottom sediments are tested. 
Cylindrical 1-D consolidation tests  (D = 14 cm, L 
= 25 cm). The concentrations are the initial and 
final effluent values.





























Silica Sand - NaCI 
Heavy Day
3% N/A 6 .25-16 .25
10.61
12-20 N/A N/A
A 3-D laboratory model. 35 cm by 8  cm, with 5 
cm depth. Carbon rods were used as electrodes. 
After 12 hours, concentration at anode w as a third 
of the cathode side. The data show s movement of 
ions to respective electrodes.
5. Runnels and Larson (198S) 
Silty Sand - Cull!) 617 290-543 0 .01 -0 .0 5  
1.165)
24-72 N/A N/A
1-D tests. Cylindrical specimens (D = 0 .7 5  in.. L 
= 6  in.). Square platinum electrodes (1 in-). 
Quartz sand washed with HCI to remove impurities.
6. Renauld and Probstein (1987) 
Ksolicits - Acetic Acid
0 .5 -1 .3 N/A 1.47
(1.161
6 .7 328 11.5
1 -D cylindrical spacm ens. 30  cm in length. 8 cm in 
width, and 5 cm in depth. Tests were conducted 
to  a ssess electro-osmotic water transport efficien­
cy. Efficiency increased with increasing concentra­




Cu (N03j, 0.01 N N/A
N/A
1251 336 N/A
A tubular, 3 section test set-up is used. The middle 
section contained the chemical in solution, the 
other tw o sections contained the soil specimen, and 
contaminant movement into the cathode section  

























Details of experiments are not available. From a 
presentation by Lageman (1990). it is understood 
that 1-D tests  are conducted with rectangular 
electrodes. The pore fluid at anode/cathode com ­
partment w as flushed with a conditioning fluid 
intermittently in order to control the chemistry et 
the electrodes and sustain the advection in decon­
tamination.



















S. Lageman (1989) (cont.)
Clay • At 3 00 30 N/A N/A N/A 207
Fine Clayey Sand
Cd 319 <1 N/A N/A N/A 54
Cr 221 20
Ni 227 34
Pb 6 3 8 230
Ha 334 110
Cu 5 7 0 50
Zn 937 180
River Sludge






Ha 0 .5 0 0 .2 0


















9. Banerjae, e t  al. (1990) 



















Eight cylindrical 1-D te sts  were conducted on 
specimens brought from the field (D = 5.1 cm. L = 
2 .5  cm to 6 .7  cm). Electrodes used were Ni-Cu 
wire mesh. Hydraulic and electrical potentials were 
applied simultaneously in orderto facilitate removal.
10 Hamed. et al. (1990) 
Georgia Kaolinite - Pb(li) 118-145 7-40 0 .0 3 7  
I s  2.5)
100-1285 362-2345 29-60
1-D tests. Cylindrical specim ens (D = 4  in.. L = 
4in. and 8  in.). Circular graphite electrodes. Initial 
conductivity o f specimens 75-86 //s/cm . Rose up 
to 1000  //s/cm  at the anode, dropped to 22 //s/cm  
at the cathode after the process. Pb(ll) movement 
and electrochemistry across the specimens are 
reported.
11 Mitchell and Yeung (1990) N/A N/A N/A N/A N/A N/A Investigated the feasibility o f using electrokinetics 
to stop migration of contaminants. Electric field 
slowed down the migration of cations and increased 
the movement of anions, k. did not display a 
marked change by an increase in backpressure, 
molding water content and dry density.
N>-P>-
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synthesis and analysis of laboratory studies which reported some form of data 
related to ion removal from soils. One of the earlier studies is by Puri and Anand 
(1936), where leaching of Na+ ions are detected in the effluent in electro-osmotic 
consolidation. Puri (1949) suggested that in electro-osmosis monovalent ions will 
move faster than divalent ions due to the former’s higher dissociation from the 
clay surface. It is also noted that movement of ions was low at low water contents 
and significantly increases by an increase in water content.
Jacobs and Mortland (1959) demonstrated that Na+, K+, Mg++ and Ca+ + 
ions can be leached out of Wyoming bentonite by electro-osmosis. Figure 2.7 
presents the amount of the ions removed versus the electro-osmotic flow in 
bentonite-sand mixtures. Monovalent ions are removed at a faster rate.
Krizek, et al. (1976) showed that the soluble ions content substantially 
increased in effluent in electro-osmotic consolidation of polluted dredgings, while 
they also noted that heavy metals were not found in the effluent during the period 
they applied the process.
Hamnet (1980) studied the reclamation of agricultural soils by removal of 
unwanted salts by electro-osmosis. Hamnet’s tests demonstrated that Na+ ions 
move toward the cathode, while Cl' and S03'2 ions move toward the anode.
Shmakin (1985) notes that the method has been used in the Soviet Union 
since the early 1970’s as a method for concentrating metals and exploring for 
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8
Figure 2.7 Cation Removal versus Electro-osmotic Flow 
(Jacobs and Mortland, 1959)
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Cu, Ni, Co, Au. A porous ceramic probe with HN03 is placed at the cathode. 
The migrating ions are extracted with this probe. The quantity of the extracted 
metal at the cathode and the rate of accumulation is correlated with the 
composition of the ore and the distance of the sampling locations to the ores.
The potential of the technique in waste remediation resulted in initiation of 
several recent studies. Runnels and Larson (1986) have investigated the potential 
use of electromigration to remove contaminants from groundwater. The amount 
of copper removed increased with processing time (total charge passed). 
However, the current efficiency decreased as the processing time increased, 
possibly due to the increase in conductivity as noted by Hamed, et al. (1991).
Renauld and Probstein (1987) investigated the change in the electro-osmotic 
water transport efficiency of kaolinite specimens loaded with acetic acid and 
sodium chloride. This study indicated that the current efficiency increased with 
higher concentrations of this weak, organic acid. This implies organic acids may 
increase the efficiency of electrokinetic soil processing.
A better understanding of the chemistry in electrokinetic soil processing is 
achieved by studies at LSU. Putnam (1988) investigated the development of 
acid/base distributions in electro-osmosis. Acar, et al. (1990) and Acar, et al. 
(1991) present the theory for acid/base distributions in electro-osmosis and 
compare the predictions of this model with the results of the tests conducted by 
Putnam (1988). A good correlation was noted. This theory and the model
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presented by Acar, et al. (1991) describe the movement of different species in 
electrokinetics. The study demonstrates the movement of the acid front by 
advection and diffusion and provides the fundamental basis of the chemistry 
developed during the process.
A comprehensive subsequent study on removal of Pb(II) from kaolinite is 
reported by Hamed, et al. (1991) (this study is a part of the results of the work 
presented in this dissertation). Kaolinite specimens were loaded with Pb(II) at 118 
Hg/g to 145 /xg/g of dry kaolinite, below the cation exchange capacity of this 
mineral. As presented in Figure 2.8, electro-osmosis removed 75 to 95 percent 
of Pb(H) across the test specimens. The study clearly demonstrated that the 
removal was due to migration and advection of the acid front generated at the 
anode by the primary electrolysis reaction. The energy used in the study to 
decontaminate the specimens was 29 to 60 kwh per cubic meter of soil processed. 
This study also demonstrates and explains the complicated electrochemistry 
associated with the process. An interesting finding of this study is electroplating 
of Pb(II) at the carbon cathode.
Other laboratory studies conducted by Lageman (1989) and Baneijee, et al. 
(1990) further substantiate the applicability of the technique to a wide range of 
contaminants and soils.
While the above laboratory studies display the feasibility of using electro­
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PORE VOLUMES OF FLOW
(b) Energy Expenditure
Figure 2.8 Pb(II) Removal from Kaolinite and Corresponding 
Energy Expenditure ( Hamed, et al., 1991)













1. Puri and Anand (1936) 
High pH Soil - NaOH 4.8 2.8 1.35
12.441
N/A
An area of 4 .5  m  x 4 .5  m  w as first trenched 
all around, 1 .05 m in depth and 0 .3 0  m in 
width. Anode and cathode were laid hori­
zontally within this area. Anode w as a  shot 
of iron, 0 .9  m x 1.8 m laid a t top. Cathode 
w as a perforated iron tube, 0 .1 0  cm in dia­
m eter and 1.8 m long laid a t 0 .3  m depth. 
The concentrations reported are for the 
exchangeable Na in the fop 7 .5  cm of the 
soil.
2. C ase and Cutshall (1979) 
Alluvial deposits - ®°Sr 50 0 .3
10.051
5 ,352 N/A
An area of 11 m by 5 m w as investigated. 
1.7 m stainless steel rods w ere driven in an 
arc-plus-center point array. The arc con­
sisting of 25  anodes and a central cathode. 
The concentrations reported are for the 
effluent in a  monitoring well.
3 . Segall, e t al. (1980) 
Dredged Material
Cd, Zn, Pb, As, Fe <1 0 .2 -20
Na 61 5 0 16300
K 350 510
OH 0 5 9 5 0
h c o 3 ’ 0 9 79
Organic Nitrogen 4 15
Ammonia Nitrogen 67 128
TOC 3 2 0 0 0
[0 .01 - 1.01 N/A N/A
Concentrations noted are for the effluent in 
electro-osm otic consolidation of dredged 
material com pared to tha t of w ater leached 













4 . Lageman (1989)
Sandy Clay - Zn 7 0 -5120 30 -4 4 7 0 0.8
10.4-0.2!
1344 287 An area of 15 m by 6 m studied. Contami­
nation depth: 0 .4 0  m. Tem perature rose 
from 1 2°C  to 40°C . Conductivity increased 
from 2000  //s/cm  to 4 0 0 0  //s/cm . Voltage 
gradient decreased. 2 cathodes (vertical) at 
0 .5  m depth. 33 anodes (vertical), 3 row s at 
1.0 m depth. D istances: cathode-anode = 
1.5 m; anode-anode = 1.5 m.
Heavy Clay - As 90-385 20-240 0 .4
10.4-0.2]
1200 270
An area of 10 m by 10 m w as studied within 
a  depth of 2 m . C athodes (vertical), 2 rows: 
1 row at 0 .5  m  depth; 1 row a t 1.5 m depth. 
36  anodes (vertical), 3 row s a t 2 m depth; 2 
row s of 14; 1 row of 8 , D istances: cathode- 
anode = 3 m; anode-anode = 1.5 m. Tem­






9 0 -3 0 0
15-580
N/A 430 N/A
An area of 70  m by 3 m  w as studied to a 
depth of 0 .2  m to 0 .5  m. Cathode is laid 
horizontal, anode (vertical). Cathode-anode 
3 m; anode-anode 2 m.
5. Banerjee, e t al. (1990) 
Silt/Silty Clay - Cr N/A N/A 2-4
10.2-0.24]
< 7 2 Na
Nine field experim ents w ere conducted in an 
array of electrodes. Combined Hydraulic and 
electrical potentials w ere applied. Steel 
reinforcing bars w ere used and replaced after 
each experiment. The results are inconclu­
sive.
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provides a synthesis of field tests investigating and/or reporting some form of 
chemical removal from soils. Segall, et al. (1980) present the chemical 
characteristics of the water accumulated at the electrodes in electro-osmotic 
dewatering of dredged soil. Their study indicated that:
(1) There was a significant increase in heavy metals and organic 
materials in electro-osmosis effluent above that recorded in the 
original leachate. The concentrations of zinc, lead, mercury and 
arsenic were especially high,
(2) Total organic carbon content of the effluent was two orders of 
magnitude higher than the original leachate. It is postulated that 
highly alkaline conditions resulted in dissolution and release of the 
organic material. Pesticides came out at the cathode.
Case and Cutshall (1979) describe a field study for control of radionuclide 
migration in soil by application of DC current. This study demonstrates that it is 
possible to migrate rationuclides with the technique. Lageman (1989) reports the 
results of field studies conducted in the Netherlands to decontaminate soils by 
electrokinetic soil processing. Figure 2.9 presents a schematic diagram of the 
reported field process. An electrode fluid conditioning and purification system is 
noted. The conditioning is for the control of the influent/effluent chemistry, while 
purification (such as ion exchange resin columns) is for removing any excess ions 
in the effluent. A recent study investigating the application of the process to
33










Figure 2.9 A Schematic Diagram of the Field System 
Reported by Lageman ( 1989 )
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decontaminate a chromium site is reported by Banerjee, et al. (1990).
The laboratory studies reported by Hamnet (1980), Runnels and Larson 
(1986), Lageman (1989) and Hamed, et al. (1991) together with the pilot-scale 
field studies of Lageman (1989) display the feasibility of using the process in site 
remediation. Further pilot-scale studies are necessary to improve the technology 
and establish the field remediation scheme for different site conditions and 
chemistry.
2.5 Removal of Contaminants by Electrokinetic Soil Processing
The results of this study and a scrutiny of the above presented synthesis 
indicate that the following processes prevail in removal of contaminants by 
electrokinetics soil processing.
Upon application of low-level DC current (in the order of miiliamps per 
cm2 of electrode area) to the saturated porous medium, the following processes 
occur:
(1) The water in the immediate vicinity of electrodes is electrolyzed. An 
acid front is generated at the anode while a base front is created at 
the cathode. A car, et al. (1989) formalized the development of these 
fronts. The pH at the anode can drop to below 2.0 and can increase 
at the cathode to above 12.0.
(2) The acid front will advance across the specimen in time towards the 
cathode by:
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(a) advection of the pore fluid due to the prevailing electro-osmotic 
flow,
(b) advection of the pore fluid due to any hydraulic differences,
(c) diffusion due to concentration gradients,
(d) migration due to the electrical gradients. Development of these 
acid and base distributions and movement of ionic species are 
formalized by A car, et al. (1991).
(3) The migration, diffusion and advection will also result in 
movement of cations and anions to respective electrodes in the 
porous medium (Hamed, et al., 1991; Mitchell and Yeung, 1991).
(4) The acid advancing across the specimen exchanges with adsorbed 
cations in the diffuse-double layer, resulting in their release into the 
pore fluid and advance towards the cathode by advection and 
diffusion (Hamed, et al., 1991).
(5) In case the generation of the acid front is not controlled at the 
anode, the electrolyte concentration inside the porous medium will 
gradually rise, resulting in increased conductivity in the vicinity of 
the anode, decrease in electro-osmotic flow (Hamed, et al., 1991), 
and a corresponding decrease in bulk-flow movement by advection.
(6) The anion depletion at the cathode region may lead to an increase 
in voltage and an increase in energy expenditure during the process.
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The chemistry at the anode and the cathode should ideally be 
controlled to achieve continued advection while providing sufficient 
H+ ions for desorption of contaminants and/or solubilization of 
salts. This is possible either by decreasing the current to levels 
where pH is at a desirable level or by frequent flushing at both ends 
by a fluid of controlled pH and chemistry.
The development of acid/base distributions across the soil specimen is 
important in electrokinetic soil processing. An analytical model is developed in . 
this study in order to predict the pH profile across the soil specimens. This 
analytical model is presented in the subsequent chapter.
CHAPTER HI 
MODELLING OF ACID/BASE DISTRIBUTIONS
3.1 Analytical Modelling
The potential usefulness of electrokinetics in hazardous waste site 
remediation depends, to a large extent, on the pH of the solution that moves 
across the soil. This is mainly due to the solubility of most heavy metals such as 
Pb(H), Cd(II), Cr(IIl) in a low pH environment.
Electrokinetic processing of soils by use of a low DC current results in 
development of electrical, chemical and hydraulic gradients across the saturated 
porous media. Consequently, the process results in the movement of ions and 
water molecules under the direct influence of and also due to coupling effects 
generated by these gradients. An analytical model has been developed to predict 
the pH gradients in the electrokinetic processing of soils. It is assumed that a 
constant current and a hydraulic potential difference is applied initially across a 
saturated, homogenous specimen. It is also assumed that the porous medium is 
made up of capillary tubes.
Formation of chemical gradients will depend upon the electrolysis and 
coupled chemical reactions between the soil and the electrolyte products. 
However, the importance of pH gradients in electrochemical processing of soils
37
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has been noted. Several investigators have recorded the time rate of changes in pH 
of the pore fluid and mostly only at the electrodes. The general trend is that the 
pore fluid gets acidic (pH =1-4) at the anode and basic at the cathode (pH= 12- 
13). In assessing the chemistry of the medium, for example the adsorption and 
desorption of species on soil substrate, prediction of the development of the pH 
gradient therefore becomes essential. The following model is presented by A car, 
et al. (1990).
3.1.1 Chemistry by Electrode Reactions and pH Gradients
In the absence of all but traces of electrolyzable solutes in the pore fluid 
(i.e., metal ions, Cl', organic matter, pollutants, dissolved oxygen, etc.) and for 
the case of inert electrodes, 100% faradaic efficiency can be assumed for water 
electrolysis by electrodes inserted in a saturated soil mass. The primary electrode 
reactions are:
2H20  -  4e- -* 02\ + 4H* (anode) (3.1)
AH20  + 4e~ -* 2H2f + 40H~ (cathode) (3.2)
Secondary reactions may exist depending upon the concentrations of available 
species, e.g.,
H* + e" -  1  H21 , Pb2* + 2e- -» Pb 
2 2
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The production of H+ ions at the anode decreases the pH by the reaction
(1), while the reaction (2) increases the OH' concentration at the cathode 
increasing the pH. Thus, as a consequence of reactions (1) and (2), in addition 
to the migration of existing anions and cations in the pore fluid of the specimen 
under the electrical field, two supplemental ionic species, H+ and OH', are 
generated which can have a significant influence on the local conductance.
In order to estimate the boundary conditions generated by the electrode 
reactions, it was necessary to assess the product distributions generated by the 
electrolysis. Acar, et al. (1989) demonstrated that for currents of the order of 
milliamperes used in electro-osmosis, there will be an ample amount of H20  flow 
to sustain the electrolysis and local convection will be present at electrodes which 
produce gases.
In electro-osmosis, the water flow rate, qe5 is related empirically to the 
current by (Mitchell, 1976);
qe =Ke(cm 2/V-sec )i^(cm 2)
jf£
qe =K{cm3famp -sec)I(amp)=— I  (3 • 3)
o
where a is the conductivity of the pore fluid in siemens/cm, K; is given in L/amp- 
sec, I in amp, and IQ is the electro-osmotic coefficient of permeability. K, values 
range between 0 to 1.0 x 10'3 L/amp-sec for soils.
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If the applied current is I, 2 moles of H20  needs 4F coulombs at anode 
(equation 3.1), and then the rate at which H20  is lost;
I (amp)
% ,0 (mole/seC) = (2)(96485 (amp-sec/mole))
= I x (5.18 x 10"6) moles/sec (3.4)
Considering an incremental element at the anode, the instantaneous steady
state pH will be estimated as follows:
Q = rate of H+ production = 2 x R HO 
H+ 2
= (1.036 x 10'5) I (moles/sec) (3.5)





_  (1.036 x 10'5) (moles/amp/sec) 
kj (L/amp/sec)
1.036 x 105 M (3.6)
K
For maximum Kj of 1.0 x 10'3 L/amp-sec, equation 3.6 renders a maximum 
pH of 2.0 at the anode which is in conformity with recorded values in previous 
studies. It is interesting to note that as the efficiency of the process decreases 
(smaller K, values), the pH at the anode would also decrease. At the cathode 
(equation 3.2), 4 moles of H20  need 4F coulombs of electrical charge to produce 
4 moles of OH' ion and hence the [OH ] ion concentration of the solution at the
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electrode will have a pH of 12.0.
The above deliberation was for an aqueous solution in which the 
decomposition of water is the primary result and so for an anode which does not 
decompose. It was noted that several types of electrodes (aluminum, steel, iron, 
graphite, bronze, copper, platinum, gold) are used in processing studies. The 
electrolyzed products of some of these electrodes will introduce other ions in 
conjunction with the H+ and OH" ions and thus can change the chemistry 
generated at the boundaries. These ions will complicate the chemistry further by 
diffusion into the specimen and/or precipitating, depending upon the pH of the 
pore fluid.
In order to provide a first approximation to the development of pH 
gradients across the specimen, it is assumed that, due to their high transference 
numbers and hydration numbers, H+ and OH' ions will be the major carriers of 
the current and water molecules in a system where the concentrations of cations 
and anions in the free pore fluid are relatively negligible. This assumption may not 
be valid in cases where cations with high transference and hydration numbers are 
present (such as Mg++) in the pore fluid. However, the concentration of different 
anions and cations present in the laboratory prepared kaolinite specimens used in 
this study indicates that under the controlled conditions used in this study, the 
assumption may be valid since Na+ is the predominant cation and it has a low 
hydration value and transference number when compared with H+.
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3.1.2 Mass Transfer in the System:
The total material flux into an incremental element of thickness dx, qlc, is 
composed of three components:
Qtc = qCc + qch + qce (3-7)
where qcc = material influx due to chemical gradients, qch = material influx due
to hydraulic gradients, and qce = material influx due to electrical gradients. The
concentration of the material (solute), Cj, is defined as the mass of solute per unit
volume of solution. The mass of solute per unit volume of porous media is
therefore (nCj) where n is the porosity of the medium (the volume of voids over
the total volume of the element). The total mass transfer due to electrical and
material gradients in an electrochemical system, in general, is described by the
Nemst-Planck equations (lb, 1983)
_  [- Dj dCj + Vx Q  - ZF Dj Cj d<}>] n (3.8)
Qtc ”  dx R T  dx
where z = charge on the ion, F = Faraday’s constant (96,485 coulombs), R = 
Universal gas constant, T’ = temperature (°K), <j> = electrical potential, Dj = 
diffusion coefficient, x = the flow direction, Vx = average seepage velocity = 
v/n, and v = discharge velocity.




where Dx is called the longitudinal dispersion coefficient in a saturated porous 
media. It is composed of two components (Gillham and Cherry, 1982):
The first term represents the dispersion of the species due to the average 
linear seepage velocity in the pores of the medium and the second term describes 
the diffusion of the chemical in the pores. The term a x is the longitudinal 
dispersivity, which is dependent upon the size and frequency of the pores in the 
medium (fabric). It is noted that in fine-grained soils, the contribution of the first 
term is negligible due to very low seepage velocities and hence the longitudinal 
dispersion coefficient may be taken equal to the diffusion coefficient (Gillham and 
Cherry, 1982). The molecular diffusion coefficient D* in the pore fluid is related 
to the diffusion coefficient in the free solution by
where p depends upon porosity and tortuosity of the medium and varies between
0.13 to 0.49 (Rowe, 1987).
The solute flux due to hydraulic gradients (convection) is directly related 
to the seepage velocity and hence the Darcy’s law,
(3.10)
D* = p Dc (3.11)
9ch




where k* is the hydraulic conductivity of the medium and h is the hydraulic 
potential.
These expressions show that the material flux depends on the diffusion 
gradients, the convective flow conditions, and the migration contributions of 
species, respectively. The average seepage velocity of species will be taken as 
linear, uniform and equal to the average macroscopic fluid velocity. It is noted 
that the migration contribution presented in Eq. (3.8) represents all the ionic 
species in the medium. For conditions in which a dilute aqueous electrolyte is 
slowly passed through an electro-osmotic cell at a small but constant electrical 
current, the migration term will be nonlinear in concentration if the electric field 
d4>/dx is not constant or if the species in question carries a significant but varying 
fraction of the current anywhere in the bulk solution. Migration effects are 
usually avoided in electrochemical cells by providing an excess of an inert, 
supporting electrolyte.
In the following derivation, one further simplifying assumption was made. 
The electrical field (3^/dx) is assumed to be constant in time across the specimen. 
It was noted that this assumption may not entirely be valid since the electrical field 
in electro-osmotic experiments depends upon the concentration gradients imposed 
by the generated H+ and OH' ions and hence the specific conductance of the pore 
fluid in time and space. However, this assumption considered valid in order to 
provide a first order approximation to chemical gradients.
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These conditions will simplify the total material flux as:
qtc = [k Q  - D* 9C, ] n (3.13a)
dx
ZF D* d$_ + kx 9h. _  k . (3 13b)
k ‘ RT' dx dx '* »  + “k
where k is a constant with units of [L/T] representing the velocity of the pore 
fluid. It is noted that the first term represents the contribution to the flow of 
water molecules due to the migration of H+ ion for example and its hydrated
water molecules under an electric potential gradient and the second term Kh
depicts the contribution to flow due to the induced or applied hydraulic gradients 
as a consequence of the electro-osmosis phenomena.
The mass balance across the element requires,
-  _  p aC n (3.14)
qtc at
where (dC/dt) is the rate of mass change, A is the area and R is called the 
retardation coefficient, a term representing the adsorption and desorption of 
different species on clay surfaces and/or any interactions between the different 
species leading to precipitation or other chemical reactions,
R = 1 + Pd kp/n (3.15)
where pd is the dry bulk density of the soil, and kp is the partition coefficient.
The gradient operator, V, in one-dimensional conditions renders,
(dqtc) = (dC_) (3.16)
dx dt
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When equations 3.8, 3.9, 3.10 and 3.13 are substituted in equation 3.16,
where C xx, C x, C t represent partial derivatives in space and time. If the 
experiments are conducted with a constant hydraulic potential gradient across the 
specimen, or if it is also assumed that the total flow due to water molecules being 
transported through the migration of H+ ions is constant throughout the system, 
k simplifies to Vx,
where L is the length of the specimen and Q is the initial concentration of the 
specific species in the bulk solution. In solute transport, P is often called the 
Peclet number. T is the non-dimensional time. When equations 3.19 are 
substituted in equation 3.18, one obtains the non-dimensional form,
Equation (3.20) must be solved with appropriate boundary conditions for 
the initial conditions and process rate in order to have a first estimate of the pH
Dx C,xx - k C x — R C t (3.17)
(3.18)
Equation (3.19) could be further non-dimensionalized by taking,
X = x/L (3.19a)
C* = 1 - C_ 
Q
(3.19b)
P = VXL/DX (3.19c)
T = Dxt/RL2 (3.19d)
(3.20)
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gradients in electrochemical processing of soils.
It is noted that the species generated at the inlet and the outlet are different. 
A constraint exists at the boundary, therefore, when they meet at a location where 
the following neutralization reaction occurs.
H+ + OH H20  (3.21)
Initial and Boundary Conditions:
It was assumed, that the mass transfer chemistry is dominated by the 
concentration profiles of acid and base, therefore, the initial conditions throughout 
the system will be the initial pH of the pore fluid in the soil specimen. 
CjfoO^pHj
under constant conditions,it is necessary to ensure that a sufficient flux of reactant 
is supplied at the electrodes to generate a constant supply of H+ ions. This 
condition is readily met in electro-osmosis experiments and this is give a constant 
boundary condition, 
at the inlet;
(dc*/dx).m = (V C*/Dx L)m 
and at the outlet,
(dC*/dx)0Ut = (V C*/Dx L)out 
Based on the above equation and initial and B.c’s, a two dimensional finite 
element model has been developed.
A computer program (DIFFUSE) was written in FORTRAN based upon
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the finite element formalism (Acar, et al., 1988). Two dimensional finite element 
method formulation for the analytical model is presented in Appendix B. Flow 
chart for the program and the subroutines are presented in Appendix C.
3.2 Predictions of The Analytical Model:
Figure 3.1 presents different pH gradients predicted by the model. Figure 
3.1a is for the case when the pH at the anode and the cathode are 2.0 and the 
initial pH of the porous medium is 7.0. The front presented is for diffusion only 
and hence the acid-base front meets in the middle. It is noted that a neutralization 
reaction will occur when these fronts meet. Figure 3.1 .b depicts the case when 
the specimen is initially acidic with a pH of 5.0. In this case, the OH' ion front 
moves through the specimen. Figure 3.1.C is for the case when the convective 
flux provides a P value of 30. The acid front moves further toward the cathode 
in time and is expected to flush the specimen eventually. The three cases 
presented indicate that the pH gradient would be a function of:
(1) the pH values established at the electrodes by the rate of 
electrolysis; extreme values occur at low K; (see equation 3.7) and 
hence high electrolyte concentrations of products ( equation 3.3);
(2) the initial pH of the porous medium;
(3) whether the flow would be governed by solely diffusion of the 
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Figure 3.1 The pH Gradients Predicted by die Model
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(4) any adsorption/desorption and precipitation of H+ and OH" ions. 
The effects are included in the retardation coefficient R given in 
equation 3.15.
Figure 3.2 compares the predictions of the analytical model with 
experimental results. The acid front generated at the anode advances towards the 
cathode by advection and migration. In electro-osmosis, with open electrode 
configuration, this front will flush the specimen and reach the cathode (Putnam, 
1988, Acar et al., 1990a). The analytical model provides a good parametric 
assessment of the acid/base distributions. Recent studies further substantiate the 
potential of this model in predicting the progress of the acid front (Thompson, 
1989).
As a result of the pH gradients, the following physico-chemical interactions 
would be expected:
(1) Dissolution of the clay minerals beyond a pH range of 7-9,
(2) Dissolution of certain salts available in the medium,
(3) Adsorption/desorption and exchange of cations by replacement by 
H+ and OH ,
(4) Precipitation of metal ions at pH values corresponding to their 
hydroxide solubility products leading to cementitious products,
(5) Changes in the structure and hence the engineering characteristics 
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A review of previous studies indicates that all of these interactions were 
reported to be manifested by changes in the characteristics of the soil and the 
geotechnical properties in electro-osmosis (Acar, et al., 1989). Laboratory and 
field studies show that changes in consistency limits of soils correlated only with 
the pH gradients (Bjerrum, et al., 1967; Esrig and Gemeinhardt, 1968).
The movement of the low pH front by migration and advection leading to 
the desorption of inorganic cations from the clay surfaces together with the 
concurrent electro-osmotic flow process will constitute the fundamental 
mechanisms by which inorganic cations could be removed from fine-grained soils. 
The predictions of this model led to the conclusion that electrokinetics has the 
potential to be used in soil remediation of contaminated soil. Therefore, a testing 
program has been implemented to verify the hypothesis.
CHAPTER IV 
METHODOLOGY 
The objectives of this study require an assessment of the feasibility of 
removing inorganic contaminants adsorbed on fine-grained soils. A survey of 
frequently encountered contaminants has led to selection of Pb(II), Cd(D), and 
Cr(m). These heavy metals are common sources of contamination. In accordance 
with the objectives of this study, it is decided to select conditions which will most 
favor electro-osmotic flow. Gray and Mitchell (1967) indicate that low activity, 
low electrolyte concentration and high water content soils promote high electro- 
osmotic efficiency. Therefore, a kaolinitic soil is selected for this study. Kaolinite, 
being a low activity soil mineral, results in high electro-osmotic flow efficiencies 
and furthermore, it has an adsorption capacity for cations. A testing program is 
planned using this soil and the above mentioned heavy metals.
4.1 Testing Program
Georgia kaolinite from the Thiele Kaolin Company in Wrens, Georgia is 
used in this study. Typical physical and chemical properties of the soil provided 
by Thiele Kaolin Company are presented in Table 4.1. The compositional and 
engineering characteristics of this mineral, determined by tests at LSU, are 
presented in Table 4.2. This soil has a low activity (A=0.32). It is noted that the
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T a b le s  4 .1  Typical Physica l an d  C hem ica l  P ro p e r t ie s  
( Thie le  Kaolin C o m p a n y  )
M oistu re  C o n te n t  % 0 .5  - 1 .5
S u r fa c e  A rea  m 2/g 2 0  - 2 6
pH ( 2 0 %  solids) 3 .6
Silica ( S i0 2) % 4 3 . 5  -
4 4 .5
A lum ina (Al20 3) % 3 8 .0  - 
4 0 .5
Iron O xide (Fe20 3) % 0 .9  - 1 .3
T itan ium  Dioxide (T i0 2) 1 . 4 -  3 .5
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Table 4 .2  Characteristics of Georgia Kaolinite
Mineralogical Composition {% by weight)
Kaolinite 98
lllite 2
Index Properties (ASTM D 4318)*
Liquid Limit <%) 64
Plastic Limit (%) 34
Specific Gravity (ASTM D 854)b 2 .6 5
% Finer than -2 / jm Size 90
Activity 0 .3 2
Cation Exchange Capacity 1 .06
(milliequivalents/100 gm of dry clay)
Proctor Compaction Parameters
Maximum Dry Density, tons/m 3 1.37
Optimum Water Content, % 3 1 .0
Initial pH of Soilc 4 .7 -5 .0
Compression Index (Cc) 0 .2 5
Recompression Index (Cr) 0 .0 3 5
Permeability of Specimens Compacted at 
the  Wet of Standard Proctor Optimum
(x 10 '8 cm/sec)d 6-8
•ASTM Method for Liquid Limit, Plastic Limit, and Plasticity Index of Soils (D 4318- 
83)
bASTM Method for Specific Gravity of Soils [D854-58 (1979)] 
cpH Measured at 50%  Water Content 
dFlexible wall permeability a t full saturation
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pH ranges between 4.7 to 5.0 at 50 % water content. The cation exchange 
capacity ( CEC ) of this soil is determined by adsorption tests. CEC is expressed 
in milliequivalents per 100 gm of dry mineral (Equivalent weight of a species is 
the molecular weight divided by the valence and is a quantity which represents the 
weight of that species per valence). Therefore, CEC would provide the adsorption 
capacity of the soil.
Adsorption tests are conducted on Georgia kaolinite, by adding 20 mL of 
Pb(N03)2 solution at different concentrations to 5 grams of dry clay in a 50.0 mL 
centrifuge tube. The centrifuge tubes are mechanically shaken for 24 hours, then 
the mixture is centrifuged up to 3500 rpm to separate the solids from the liquid 
phase. A liquid sample of about 10 mL is analyzed by ICP for Pb(II). The initial 
Pb(II) present minus the equilibrium concentration in the liquid phase provided the 
amount adsorbed on the clay.
The adsorption isotherm for Lead on Georgia kaolinite is presented in 
Figure 4.1. It is observed that this mineral can adsorb about 1100 ng of Pb(II) per 
gram of dry clay. This limiting quantity is defined as the cation exchange capacity 
of this mineral. Therefore, Pb(D) exchange capacity of Georgia kaolinite is 1.06 
milliequivalents per 100 gm of this mineral. Cations in excess of this quantity 
would be largely present in the pore fluid.
It was decided to conduct four different sets of tests. The objectives of the 
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Figure 4.1 Pb(II) Adsorption Isotherm for Georgia Kaolinite
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Pb(H), Cd(II) and Cr(III) by electrokinetics. Therefore, the concentration of these 
heavy metals loaded on the kaolinite is selected to be below the exchange capacity 
of this mineral. The fourth set of tests is conducted to determine the influence of 
the increase in concentration of the contaminant and current density on the 
operational variables and the feasibility of the process. Pb(n) was selected for this 
set of tests. Table 4.3 presents a summary of the testing program planned for this 
study.
4.2 Permeation fluid
The clay is washed with deionized water several times and the pore fluid collected 
is used as the influent. This pore fluid will have some of the mineral salts and 
other soluble material available in the kaolinite and therefore it is considered to 
be a representative pore fluid.
4.3 Contaminants
Pb(N03)2, Cr(N03)3 , and Cd(N03)2 are used as the salts which provided the 
necessary ionic forms of the desired inorganic cations. In each experiment, these 
salts were ionized in a required amount of deionized water to prepare the solution 
used. Well developed and accurate chemical analysis schemes exist using Atomic 
Adsorption (AA) or Inductively Coupled Plasma (ICP). Tests have been conducted 
at low current density to avoid heating and other electrochemical effects which 
inhibit flow.
T able  4 .3  S u m m a ry  of T es ting  P ro g ram 59
C o n ta m in a n t
N um ber
of
T e s t
C urren t
D ensity
|m A /c m 21
C o n c e n t ra t io n  
( m e q . /1 0 0  gm )
D im ens ions  of 






T e s t s
2 ,4 ,5 3 0 . 0 3 7 0 . 1 4 1 0 .2 81
1 1 0 . 0 1 2 0 . 1 4 2 0 . 3 81
3 1 0 . 0 3 7 0 . 1 4 2 0 . 3 81
Cd(ll)8
Cd#1 1 0 . 0 3 7 0 . 2 0 1 0 .2 81
C d # 2 1 0 . 0 3 7 0 .1 8 1 0 .2 81
C d # 3 1 0 . 0 3 7 0 .1 9 1 0 .2 81
C d # 4 1 0 . 0 3 7 0 .1 8 1 0 .2 81
Cr(lll)a
Cr#1 1 0 . 0 3 7 0 . 3 0 1 0 .2 81
C r# 2 1 0 .0 3 7 0 .2 9 1 0 .2 81
C r# 3 1 0 .0 3 7 0 . 2 6 1 0 .2 81
C r# 4 1 0 .0 3 7 0 . 3 0 1 0 .2 81
Pb(ll)b
S e t  #1
P b # h 3 i 0 . 0 1 2 0 . 5 2 1 0 .2 81
P b # h 2 1 0 .0 3 7 0 . 6 0 1 0 .2 81
Pb#h1 2 0  1 2 3 0 .5 1 1 0 .2 81
P b#hr 2 0 . 1 2 3 0 .5 7 1 0 .2 81
S e t  # 2
P b # h 5 1 0 . 0 1 2 0 . 8 3 1 0 .2 81
P b # h 9 1 0 . 0 3 7 1 .0 2 1 0 .2 81
P b # h 6 1 0 . 1 2 3 0 . 7 2 1 0 .2 81
P b # h 8 1 0 . 1 2 3 0 .8 1 1 0 .2 81
S e t  # 3  
P b # h 1 0  
P b # h 1 3 
P b # h 1 1 





0 . 0 1 2
0 . 0 3 7
0 . 1 2 3













Cd#1 =  C adm ium  t e s t  #1 , Cr#1 =  C hrom ium  t e s t  #1 
a =  T e s t s  c o n d u c te d  to  s tu d y  th e  feasibility  of th e  p r o c e s s ,  
b =  T e s t s  c o n d u c te d  to  s tu d y  th e  e f f e c t s  of c u r r e n t  d e n s i ty  a n d  
c o n c e n t ra t io n
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4.4 Testing Equipment
The following equipment was used in conducting this study:
1. Four electro-osmosis cells are designed and constructed. The cells are 
made of plexiglass to facilitate visual observation. Each cell consists of a 
cylindrical body ( 4 in. diameter and 4 in. to 8 in. length) and two caps as 
presented in Figure 4.2. Graphite electrodes are used in this study to prevent 
corrosion and introduction of secondary corrosion products. The electrodes are 
held in place with polyacrylate end caps, connected with threaded rods. A liquid 
reservoir of 110 ml capacity is available at each end. Holes are drilled into the 
top of each end cap above these reservoirs to allow venting of gaseous electrolysis 
products.
2- In order to achieve full saturation in specimen preparation, it is found 
necessary to consolidate the specimens from slurry. Two consolidation frames 
were designed. A view from these frames is presented in Figure 4.3.
3- It is found necessary to monitor the outflow, the effluent pH, the 
current, the potential difference across the electrodes and in some cases, the 
potential difference across the specimen. Therefore, two personal computers with 
data acquisition boards (DAS AD Boards) , and a data acquisition and monitoring 
software (Labtech Notebook) were assembled. The conductivity measurements are 
conducted separately by a CDM 83 conductivity meter.
4- Four HP power supplies (HP Model 6121C) with a maximum range of
Figure 4.2 View of Electro-Osmosis Cell.
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a
Figure 4.3 View of the Consolidation Frames Used in This Study.
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100 mA and 120 volts are used to supply the constant current throughout the tests 
conducted in this study.
5- Two Beckman $31 and $32 pHmeters and several combination glass pH 
electrodes are used.
4.5 Specimen Preparation
Different concentrations of Pb(ll), Cd(II), and Cr(III) ( Table 4.3 ) 
solutions are prepared with ACS reagent grade nitrates [ Pb(N03)2, Cd(N03)2, and 
Cr(N03)3 ] and distilled water. A few drops of HN03 were added to the solutions 
to avoid any precipitation of the metals. One kg (2.2 lb) samples of air-dry 
kaolinite are mixed with 1.5 liter portions of different concentrations of nitrate 
solutions. The resulting slurry was stirred for 30 minutes to allow the ions to 
equilibrate between the solid and the liquid phases. The Pb(H), Cd(II) or Cr(lH) 
loaded kaolinite slurry was kept in a container for at least two weeks before it was 
used. This provision was taken with the anticipation that a better homogenization 
would be achieved through this wait period. The slurry was then placed in a series 
of the plexiglass cylinders and consolidated. The consolidation process consists of 
a self-weight consolidation for at least two days, followed by successive increase 
of the load increment from 25 kPa to 200 kPa. The pore fluid extracted due to 
consolidation of the slurry was collected for chemical analysis. This provided an 
assessment of the initial pore fluid concentration. Upon completion of the 
consolidation process, the cylindrical cell was removed and soil samples were
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collected from the top and the bottom of the specimen. Chemical analyses were 
conducted and water contents were determined to provide the initial contaminant 
distribution throughout the specimen. The cylindrical specimen was directly placed 
in the electro-osmosis set-up for testing.
4.6 Testing Procedure
Electro-osmosis test specimens were assembled as presented in Figure 4.4. 
Two sheets of 8 /xm filter papers were placed at both ends of the specimen. 
Uniform flow across the electrodes was arranged by drilling fifty 0.3 cm (0.12 in) 
holes into the electrodes.
Specimens were placed and tested in a horizontal configuration. This 
configuration allows the gases generated by the electrolysis reactions to escape 
through the gas vents at both ends. The current applied was maintained in an 
open flow arrangement in which a Mariotte bottle was used at the anode side to 
maintain the external hydraulic gradient small (<  0.1) and constant.
Influent/effluent pH, conductivity of effluent, the outflow, the current and the 
electric potential difference were continuously monitored by the data acquisition 
system.
After a selected period of current application, the specimen was promptly 
removed from the cell and sliced into 10 sections. Each segment was analyzed 
for water content, pH, conductivity, and chemical analysis. Furthermore, the pore 






















Figure 4.4 A Schematic Diagram of the Electro-Osmosis 
Cell and the Test Set-up
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a 5 cm (1.97 in.) stainless steel die containing 5-10 gm of the specimen, or by 
centrifuging. In later tests, only centrifuging the specimens was used. This pore 
fluid was also analyzed for chemical content, conductivity and pH. A pH meter 
and universal indicator paper were used to determine the pH values of the pore 
fluid and sliced segments of the specimen. Conductivity measurements were also 
made of this pore fluid and each individual slice with a conductivity meter.
As a result of electrolysis, a large amount of heavy metal was found to be 
deposited at the graphite electrodes. To remove the metal from the electrodes, 
about 650.0 mL of HN03 with concentration of 8.0 M was added to the electrode 
in a beaker. The solution was heated to boiling over a hot plate for two hours. 
After cooling, the solution was filtered and diluted for chemical analysis.
All chemical analysis was by flame atomic absorption (AA) (in the first two 
tests), or inductively coupled plasma (ICP) for all other tests. Contaminant was 
extracted from clay specimens by adding 20 ml of 1.6 M HN03 to 5 gm soil taken 
from each slice and leaving the slurry in the shaker for 48 hours at room 
temperature. ■ - ,
Constant current conditions were used in all tests to keep constant the net 
rates of the electrolysis reactions at all times and minimize complicated current 
boundary conditions. Secondary temperature effects have been reported to 
decrease the efficiency of electro-osmotic flow when the current density is greater 
than 5 mA/cm2 (Gray, 1970). In order to avoid such effects, the current density 
used was selected about one to two orders of magnitude lower than 5 mA/cm2.
CHAPTER V 
ANALYSIS OF RESULTS 
In light of the understanding developed for the creation of acid/base 
distributions in the electrokinetic soil processing, tests have been conducted to 
investigate the feasibility of using electrokinetics to remove Pb(II), Cd(II), and 
Cr(III) from saturated kaolinite under controlled laboratory conditions. The effect 
of concentration and current density on the process was also investigated.
The results of these tests together with an analysis of the process efficiency, 
an evaluation of the energy expenditure, the effect of concentration , and the role 
of the current density are presented in this chapter.
5.1 Feasibility tests:
5.1.1 Pb(ID
Five tests were conducted to evaluate the feasibility of lead removal using 
the technique. The dimensions of the specimens, duration of tests, current used, 
and other parameters in these tests are presented in Table 5.1. The initial Pb(II) 
concentration ranged from 117 to 144 fxg/g of dry soil, which was below the 
cation exchange capacity of the soil.
The predictions of the analytical model presented in Chapter 3 and 
subsequent laboratory tests on blank specimens, indicated that the efficiency of the
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Table 5.1 Summary of Testing Program and P rocessing Data
T est No.
Param eter 1 2 3 4 5














Duration (hr) 638 100 1285
(763)
409 545
Current Density (mA/cm2) 0.012 0.037 0.037 0.037 0.037









Porosity of the specim en 0.68 0.76 0.68 0.72 0.71
Initial Pb(ll)1 Concentration 
(ng/g of dry soil)
144 r  1.4 134 c 1.5 145 = 0.5 123 ~ 0.2 117 = 5 :
Pore Volume 2 cm 2 1120 629 1120 596 587
Total Flow (cm3) 1304 110 11833 1419 1956
Pore Volumes of Flow 1.16 0.17 ■ 1.06 2.38 3.33
(1) Mean and one standard deviation
(2) Pore Volume « Total Volume ’ Porosity of Specim en
(3) T est continued until 1285 hr. Flow w as unm easurable at 763 hrs.
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Process in Pb(II) removal will depend upon the extent to which the acid front 
reaches the cathode. Therefore, the duration of tests 3 to 5 continued until the pH 
at the cathode decreased. Tests 1 and 2 are interrupted earlier in order to assess 
the conditions across the cell before complete acid flushing. In tests 2 to 5 the 
current was increased to 3 rnA in order to achieve the breakthrough in a shorter 
duration. Similarly, the length of the specimens were decreased in tests 2, 4 and 
5 to decrease the acid breakthrough time.
5.1.1.1 Electrical Potential Gradients and Flow
Figure 5.1 presents the development of the net average electrical potential 
gradient across the cell electrodes and the total flow in time. It is noted that the 
total electrical potential across the electrodes is slightly higher than the potential 
gradients recorded in the specimen, due to polarization of the electrodes by the 
electrolysis reactions. The potential losses at the electrodes were not found to be 
significant at the current levels used in this study. The following observations are 
made:
(1) Under constant current conditions employed in these tests, the average cell 
electrical potential gradients increases to relatively constant values from an initial 
average value of about 0.3 to 0.9 V/cm. The initial and the final values attained 
are approximately in proportion to the applied current; i.e., in test 1, the current 
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/ /  / Test  Current  (m4)  Lengt h(cm)  *
1 1 .0  2 0 .3
2 3 . 0  1 0 2
3 3 . 0  2 0  3
4 5 0  10 2
5 3 .0  10 .2
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T I ME  ( h r  )
Figure 5.1 Electrical Potential Gradient and Total Flow
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the other tests, the current was 3 mA and the mean gradient becomes 2.3 to 2.5 
V/cm,
(2) There was no measurable flow in the first 10 to 20 hrs of current application. 
Subsequently, the flow rate increased rapidly and then nonlinearly decreased in 
time,
(3) The total flow varied considerably in tests at 3 mA, possibly due to variations 
in the initial water content of the specimens, or other unknown factors.
Similar mean potential gradient and flow data were obtained in the previous 
blank tests conducted under constant current conditions (Putnam 1988, Acar, et 
al., 1991). These results demonstrate convincingly that flow in electro-osmosis is 
not continuous and that the flow rate is time-dependent.
Figure 5.2 presents the change in the empirical electro-osmotic coefficient 
of permeability, K ,̂ and the electro-osmotic water transport efficiency, K,, in the 
tests. The tests indicate that,
(1) Kc increases to 1.8 to 2.2 x 10"5 cm2/V-sec at the start of each test and 
decreases by an order of magnitude in time (note the flow data in Figure 5.1); and
(2) similarly, Kj increases to 0.8 cm3/amp-sec at the start of the tests and 
decreases to less than 0.1 cm3/amp-sec in conformity with the flow data.
Similar trends have been reported by Casagrande (1983). Time dependent 
changes in Kc and K, demonstrate that significant changes occur in the overall cell 
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Figure 5.2 Changes in Electro-Osmotic Coefficient of Permeability and 
Coefficient of Water Transport Efficiency
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the coefficients Kc and are not constants for a specific soil but they are time- 
dependent variables presumably controlled by the chemistry generated.
5.1.1.2 Effluent pH
Figure 5.3 presents a plot of the effluent pH at the cathode with respect to 
the number of pore volumes of flow. Upon the start of the experiment, the pH 
at the cathode compartment rose to values of 11 to 12. Subsequently, the pH 
remained relatively constant until 0.8 to 0.9 pore volumes of flow, after which it 
decreased with further processing. It is interesting to note that the decrease in pH 
was a companied by the decrease in flow rate (Figure 5.1).
5.1.1.3 pH Profiles
Table 5.2 compares the pH distributions across the specimens upon 
completion of the tests. The pH values obtained with the pH probe inserted 
directly into the soil mass compare favorably with the ones obtained using the 
Indicator paper. Tests No. 1 and 5 represent those with the least and maximum 
amount of total charge passed per volume of the specimen, respectively. Figure
5.4 compares the in situ and pore fluid pH values across the specimen in tests 1 
and 5. It is noted that the pH across the specimen decreases with an increase in 
the processing time, or with the total charge passed per volume of specimen. The 
increase in the pH from the anode to the cathode is a direct consequence of the 
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Figure 5.3 Effluent pH versus the Pore Volumes of Flow
T able 5 .2  pH D istributions A cross th e  S pecim ens
Normalized 
D istance from  
A node
Blank T est 
I II I
T e s t 1 
II Ill I
T e s t 3 
II III
T es t 4  
I III I
T e s t 5 
II III
0 .0  - 0.1 3 .6 4 .5 2 .8 2 .0 3.1 2 .7 3 .5 2 .8 2 .7 2 .6 2 .4 1 .5 2 .3
0.1 - 0 . 2 3 .7 4 .5 2 .8 2 .0 3 .2 3 .2 3 .0 3.1 2 .7 2 .6 2 .3 1 .5 2 .4
0 .2  - 0 .3 3 .7 4 .5 3 .3 2 .0 3 .2 3 .6 3 .5 3 .5 2 .7 2 .7 2 .3 1 .8 2 .4
0 .3  - 0 .4 3 .9 4 .5 4 .0 3 .5 5 .7 3 .9 3 .8 3 .9 2 .8 2 .6 2 .2 2 .3 2 .4
0 .4  - 0 .5 3 .9 4 .5 4.1 3 .5 5 .7 4 .0 3 .8 4.1 2 .8 2 .7 2 .9 2 .5 3 .4
0 .5  - 0 .6 3 .9 4 .5 4 .2 3 .8 5 .6 4 .0 3 .5 4.1 3 .0 2 .9 3 .0 2 .5 4 .3
0 .6  - 0 .7 3 .9 4 .8 4 .2 4 .0 5 .4 4 .0 3 .8 4.1 3 .0 3 .4 3 .3 2 .8 4 .5
0 .7  - 0 .8 4 .0 4 .5 4 .3 4 .0 5 .6 4.1 3 .0 4 .8 3 .4 3 .9 3 .0 2 .7 5 .0
0 .8  - 0 .9 4 .0 4 .5 4 .4 4 .0 5 .7 4 .0 3 .0 4 .6 3 .8 4 .3 3 .3 2 .5 4 .9
0 .9  - 1 .0 4 .0 5 .0 4 .4 - 6 .2 4.1 3 .0 4 .9 4 .2 5 .9 2 .8 2 .5 5 .0
I) In-situ w ith  pH m eter
II) Litm us paper {Accuracy is 0 .5  pH units)
III) Pore fluid w ith  pH m eter
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Initial Pore Fluid pHTest  No. Total Charge 
( a m p - h r / m 3 )
I 3 6 8
5 1 9 8 2
6
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Figure 5.4 A Comparison of Insitu and Pore Fluid of pH 
Profiles across the Cell in Tests 1 and 5
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results showing the evolution of pH gradients in the Pb(II) loaded specimens of
tills study and the blank specimens of a previous study (Acar et al., 1991)
reconfirm the predictions of the analytical model for the acid/base distributions in 
time. The acid front generated at the anode flushes across the cell, neutralizing
the base at the cathode decreasing the effluent pH.
It is interesting to note that as the cathode compartment is approached, the 
pore fluid pH is considerably larger than the in-situ pH values. The pH is usually 
taken as a quantitative indication of the activity of hydrogen ions in aqueous 
homogeneous solutions. Although the insitu pH values at the anode in test 1 and 
at the cathode in test 5 are relatively identical (pH = 2.7 - 3.0), the pore fluid pH 
measurements show a substantial difference near the cathode. This observation 
was repeated in all tests conducted. This implies that insitu pH measurements 
depend on the degree of saturation of the clay surface by H+ ions.
An explanation of this observation is possible by considering the production 
of acid and base at the boundaries of the cell. As the process continues, the pore 
fluid pH close to the anode decreases more rapidly with the decrease in lq. In 
other words, the dispersion of acid at the anode decreases. Some of the H+ ions 
are readily adsorbed by the negatively charged clay surfaces to satisfy the cation 
exchange capacity of the mineral. When the adsorption process reaches 
equilibrium, any excess ions are free to flow through the cell; however, the initial 
dispersion appears to be a non-equilibrium phenomenon. As this acid front moves
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through the specimen, it is dispersed by both advection and diffusion. The 
adsorption mechanism increases the concentration of H+ ions in the double layer, 
decreasing the pore fluid H+ ion concentration. The pore fluid with an H+ ion 
concentration lower than that at the anode finally meets and neutralizes the OH' 
ions generated at the cathode which have back-diffused upstream. Thereby, the 
OH' ion concentration in the vicinity of the cathode is eventually lowered. 
Consequently, the pH boundary conditions and flow rates eventually dominate the 
pH of the pore fluid at the cathode, while the insitu pH is controlled by the rate 
at which the H+ ions adsorb on the soil.
5.1.1.4 Conductivity
Conductivity is inversely related to the resistance offered to current flow. 
This resistance would change due to variations in pore sizes (porosity), tortuosity 
in the porous medium, and variations in pore fluid and double layer electrolyte 
concentrations. Conductivity is measured in siemens (mhos) per distance between 
the measurement points in a medium. Conductivity rises from a very low value 
(~  1 /us/cm) for deionized, distilled water to orders of magnitude higher for a 
fluid containing electrolytes, depending on their types and concentrations.
In electrokinetic soil processing, conductivity can either be estimated from 
the electrical potential drop across the supplied electrodes and the current across 
the electrodes (apparent conductivity), or it could be directly measured by probes
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in the soil or the pore fluid with a conductivity meter (overvoltages associated 
with the electrode reactions should be made small in comparison to the cell iR 
voltage drop). In the relatively simple electrolyte system (118 to 145 /xg/g of Pb 
2+ in the soil and 10"4 equivalents of Na+ and S042' in the pore fluid) present in 
the specimens of this study, conductivity values are sensitive indicators of H+ and 
OH' concentrations if they exceed the pore fluid ionic concentrations.
The apparent conductivity, K,, calculated from the electrical potential drop 
across the electrodes, is defined as,
Ka(siemens/cm) = I,(amp) L(cm)/Vt(volt) A (cm2) (5-1)
where It is the current, V, is the voltage difference between the current generating 
electrodes, L is the specimen length and A is the cross-sectional area of the 
specimen. Equation 5.1 normalizes the conductivity across the cell and allows 
comparison of conductivity in specimens having different lengths and areas with 
different current or voltage conditions.
Figure 5.5 presents the change in apparent conductivity across the 
electrodes in these experiments. Since the tests were performed under constant 
current conditions, the decrease in K* in time reflects an increase in the resistance 
offered and an increase in the voltage required to maintain the desired current. 
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15 to 20 fxs/cm. The initial insitu and pore fluid conductivity in sections of the 
specimen were measured to be 75 to 86 /xs/cm and 186 to 202 /xs/cm respectively.
The apparent conductivity is a good approximation of the actual soil 
conductivity only during the early phases of electro-osmosis, before significant 
polarization takes place and when the electrolyte conux. jumon is relatively 
constant across the cell. Therefore, the initial apparent conductivity value of 60 
ixs/cm to 80 /xs/cm calculated across the electrodes compares favorably with the 
initial conductivity of 75 ix s/cm to 85 /xs/cm measured in segments across the cell. 
However, at longer times of processing, the K, values calculated by the potential 
difference across the cell and the current supplied may significantly underestimate 
the conductivity across the cell due to the following reasons:
(1) the electrochemical overpotentials required to drive the electrode reactions 
may contribute to the measured voltage increasing the resistance and hence 
lowering the apparent conductivity (these variations are not found to be significant 
for the current levels used in these tests),
(2) in case of significant variations in electrolyte concentrations across the cell, 
K, would be more representative of those locations that would offer the highest 
resistance to current flow, or render the lowest conductivity (series resistors). 
Therefore, when the conductivity at a limited section of the cell decreases 
significantly due to a decrease in available electrolyte concentration, the voltage 
across the specimen would increase and the calculated KB would decrease.
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In order to develop a better understanding of the electrochemistry 
associated with electro-osmosis, it is necessary to evaluate the conductivity across 
the cell. At the end of each test, conductivity measurements were done across 
each segment and also in the pore fluid extracted from the segment. Table 5.3 
presents the insitu and pore fluid conductivity profiles across the cell in the blank 
specimen and upon completion of each test. Figure 5.6 compares the profiles in 
tests 1 and 5.
Pore fluid conductivity is higher than the insitu conductivity and the trend 
in both profiles is similar across the cell. Conductivity is directly related to the 
mobility and concentration of the ions carrying the charge. Therefore, ions which 
are immobile due to their association with the double layers in the clay mineral 
would contribute less significantly to the conductivity of a porous medium of this 
type. Consequently, for a first order approximation for dilute systems the in-situ 
conductivity is less than the pore fluid conductivity by a factor that depends upon 
the porosity and tortuosity of the medium.
Conductivity at the anode compartment of the cell increases at least by an 
order of magnitude from the initial conductivity, while it decreases by almost an 
order of magnitude in the cathode compartment. The H+ ions in the pore fluid 
significantly affect the conductivity of the system once their concentrations are of 
the order of, or are greater than, the initial electrolyte concentrations. In fact, in 
the longer duration tests (tests 3, 4, and 5) the conductivity profiles follow the
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Table 5 .3  M easu red  Conductivity Values A cross  th e  Cell
Conductivity, a (//s/cm)
Normalized Blank T est  Insitu Pore Fluid
D istance Insitu Pore Fluid T est  No. T es t  No.
from Anode 3 4 5 1 3 4 6
0 .0  - 0.1 75 2 0 2 5 0 0 _ 9 5 6 9 9 4 1 3 4 6 1 4 2 0 3 3 0 5
0.1 - 0 .2 77 2 0 2 2 5 5 6 3 8 7 7 0 7 0 0 8 1 0 9 8 6 2 8 0 0
0 .2  - 0 .3 77 2 0 2 117 6 0 0 6 5 3 4 8 6 2 7 2 9 0 0 8 0 0
0 .3  - 0 .4 81 187 5 0 4 6 5 3 6 2 123 1 07 8 7 5 8 8 0
0 .4  - 0 .5 8 2 187 17 347 111 139 4 6 6 5 5 5 9
0 .5  - 0 .6 82 186 14 2 8 3 2 4 4 6 3 4 4 4 8 36
0 .6  - 0 .7 86 186 14 158 2 3 4 9 71 2 4 0 4 9
0 .7  - 0 .8 86 2 0 2 12 128 2 0 1 24 6 6  - 148 35
0 .8  - 0 .9 84 2 0 2 14 157 2 0 146 2 6 5 9 57
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Figure 5.6 A Comparison of Conductivity Profiles Across the Cell
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reverse trend observed in the pore fluid pH profiles, i.e., at the anode, low pore 
fluid pH renders high conductivity values. At the cathode, the neutralization 
acid/base reaction makes the pore fluid conductivity a more complex function of 
elapsed time.
Finally, in the shorter duration test (test 1) pore fluid conductivity drops 
below the initial conductivity in the mid section of the cell, possibly indicating 
depletion due to migration of the initial electrolyte ions that were present. Upon 
further processing, this decrease stretches across die cathode section (test 5) 
suggesting that anion migration or acid/base neutralization has depleted die 
available ion carriers.
5.1.1.5 Efficiency of Pb(D) Removal
Table 5.4 provides profiles of final Pb(II) concentrations, Cf, in the 
specimens as a percentage of the initial concentrations, C;, given in Table 5.1. 
Figure 5.7 presents a comparison of these results. It is noted that Pb(II) was only 
partially removed along the anode section and it was accumulated at die cathode 
section in the shorter duration tests 1 and 2, while in the longer duration tests 
(tests 3, 4 and 5), 75 to 95 percent of Pb(II) was removed across the cell.
The mass balance in each test is provided in Table 5.5. It is interesting to 
note that a significant amount of the removed Pb(II) was electroplated at the 
cathode in tests 3, 4 and 5 with the higher total charge input. These results
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Table  5 .4  T he  Ratio  of Final to  Initial Pb(ll) C o n c e n t ra t io n s
Norm alized D is ta n c e  C o n c e n t ra t io n  R atio , C ,/C j
from  A n o d e  ________ __________________________
T e s t  No.
1 2 3 4 5
0 . 0 0 - 0 .1 0 0 .2 1 0 .6 0 0 .0 5 0 .0 9 0 . 0 5
0 .1 0 - 0 .2 0 0 .3 0 0 .3 7 0 .0 7 0 . 1 2 0 . 0 6
0 . 2 0 - 0 .3 0 0 .4 8 0 .3 1 0 .0 8 0 .1 1 0 . 0 8
0 . 3 0 - 0 .4 0 0.52 0 .9 2 0 . 1 0 0 . 1 2 0 . 0 8
0 . 4 0 - 0 .5 0 0 .7 9 0 .6 9 0 .1 0 0 . 1 6 0 . 1 0
0 . 5 0 - 0 .6 0 1 .6 9 1 .2 2 0 .1 1 0 . 1 4 0 . 1 2
0 . 6 0 - 0 .7 0 1 .3 5 0 .7 6 0 .1 0 0 .1 7 0 .1 1
0 . 7 0 - 0 .8 0 1 .11 1 .1 0 0 .1 2 0 . 2 9 0 . 1 3
0 . 8 0 - 0 .9 0 1 .1 4 2 .0 9 0 .1 8 0 . 2 0 0 . 1 4
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the Specimens
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indicate that the process flushes the adsorbed Pb(13) across the clay to the cathode 
where it is electroplated by receiving two electrons. In shorter duration tests (tests 
1 and 2), Pb(II) is redistributed across the specimens with the advancing acid front 
and very little reaches the cathode because of the pH in this region which can 
cause precipitation. Figure 5.8 compares the concentration ratio, Cf/C;, the pH and 
the conductivity data across the cell for tests 1 and 5. This Figure clearly shows 
that during the early stages of the process (test 1), as the acid front generated at 
the anode advances into the cell, Pb(II) is removed at the low pH environment in 
the first half of the cell (anode section), while it accumulates at the higher pH 
environment in the other half of the cell (cathode section). Conductivity is 
increased at the anode by the advancing H+ ions, sharply decreasing to values 
below the initial conductivity in the mid-section and rising back at the cathode. 
With further processing (test 5), pH values are consistently lowered and Pb(II) is 
removed across the whole cell. In this test, the conductivity at the anode section 
rises to higher values than in test 1 and lowers substantially below the initial 
values across the cathode section. This lowering of the conductivity in the 
cathode section is consistently observed in all longer duration tests (tests 3 to 5). 
This effect is also externally displayed by the decrease in the apparent conductivity 
calculated across the electrodes.
In order to have a better understanding of the chemistry associated with the 
process, Pb(II) concentrations in the pore fluid also are measured in each section.






Am ount of Pb(ll), mg
T e s t No.
3 4 5
Specim en:
Initial 1B6.3 56.8 184.0 65 .9 82.0
Final 160.2 54.4 19.4 12.6 8.6
E lectrodes
C athode 0.1 2.1 149.4 42 .3 72.7
Anode <0.1 <0.1 <0.1 <0.1 <0.1
Effluent 0.1 0.1 1.0 0.6 0.5
Influent (*) (*) n C) n
Error1 25.9 0.2 14.2 10.4 0.3
(Initial-Final)
(’) Influent reservoir w as not sam pled  for Pb(ll) concentra tion .
(1) M ost of the error is possibly du e  to the variations in w ater con ten ts of blank and  te s t sp ec im en s 
resulting in d ifferences in the total lead am ount calcu lated  in ea ch  slice. S om e Pb(ll) m ay have 
diffused into the influent reservoir. It is also  possib le tha t HNOg did not fully d eso rb  th e  Pb(ll) 
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Figure 5.9 presents the ratios of the Pb(II) concentration in the pore fluid, CP, to 
the final Pb(II) concentration in the soil, Cf. It is noted that a higher fraction of 
the Pb(II) is in the pore fluid in the anode section than in the cathode section, 
where the pore fluid generally contained little Pb(H); it is either precipitated in the 
higher pH environment as Pb(OH)2, or adsorbed on the clay surfaces. These 
results are in conformity with the conductivity and pH data which show an 
increase in the pore fluid pH and a decrease in conductivity in the cathode section.
In the light of these findings, the author hypothesizes that the decrease in 
conductivity in the cathode section is both due to an ion depletion by precipitation 
of Pb(II) and migration of other ions, as well as the formation of water by the H+ 
and OH' ions.
5.1.1.6 Energy Expenditure
Energy expenditure per unit volume of soil processed, E„, is given by:
where E is the energy (w a tt-h r) , V8 is the volume of soil mass processed (m3), R 
is the resistance (ohm), and t is the time (hr). In tests with constant current 
conditions, the energy expended is directly related to the time integral of the 
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apparent conductivity. This implies that the energy expenditure is substantially 
increased due to the evolution of the low resistance zone near the cathode .
Figure 5.10 presents a plot of the energy expended per unit volume of soil 
versus the pore volumes of flow recorded. The total flow was only 1.06 pore 
volumes in test 3 and the reason for this difference is unknown. The energy 
expenditure in this test is clearly noted to be different than the other three tests 
which exhibited similar trends. In spite of this difference, Pb(H) was efficiently 
removed in the longer duration tests 3, 4 and 5. These tests were terminated at 
a time after the pH level at the cathode started decreasing. The energy 
expenditure at the time these tests were terminated was 60, 29 and 37 kW-hr/m3, 
respectively. From the test data presented, it is not possible to discern the 
necessary minimum energy needed to flush Pb(II); however, the results 
demonstrate that the energy expenditure for Pb(II) removal will be below or in the 
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5.1.2 Cd(II)
Cadmium metal (Cd) has two electrons in its outer shell and eighteen in 
the underlying shell. Cadmium is a silvery, crystalline metal resembling zinc. It 
has an atomic weight of 112.41 grams. A large part of cadmium produced is used 
in electroplating metals in protection against corrosion. Cadmium dissolves slowly 
in either hot, moderately dilute hydrochloric or sulfuric acid, with evolution of 
hydrogen. It is also dissolved by nitric acid.
Four tests are conducted for removal of cadmium adsorbed on saturated 
Georgia kaolinite. The dimensions of the specimens, duration of tests, current 
density, initial concentration, porosity, total flow, and other parameters are 
presented in Table 5.6.
5.1.2.1 Electrical Potential Gradients and Flow
Figure 5.11 presents the change in voltage across the electrodes in time for 
the four tests. In all these tests, the current and the dimensions of the specimens 
are kept constant. Therefore, any change in the potential difference implies a 
change in the resistance of the cell. During each test, it is noticed that the electric 
potential difference increases gradually to almost 20 volts to 25 volts (except in 
test Cd#2). It is believed that the fluctuations in electric potential difference in test 
Cd#2 was a result of a loose connection between the electric wires and the 
electrodes. It is noted that as the pH at the cathode increases the electric potential
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T ab le  5 .6  S u m m a ry  of te s t in g  p rogram  an d  p ro c e s s in g  d a ta  for Cd(ll).
P a ra m e te r
T e s t  N um ber
Cd #1 Cd # 2 Cd # 3 Cd # 4
C urren t  (mA) 3 .0 3 .0 3 .0 3 .0
D im ensions
A rea  (cm 2) 81 .1 81 .1 8 1 .1 8 1 .1
Length  (cm) 1 0 .2 1 0 .2 1 0 .2 1 0 .2
D uration  (hr.) 801 1 0 2 7 9 5 6 7 1 6
C urren t D ensity  (m A /c m 2) 0 .0 3 7 0 . 0 3 7 0 . 0 3 7 0 . 0 3 7
Total C h a rg e  (am p.hr .) 2 .4 0 3 .0 8 2 .8 7 2 .1 5
Tota l  C harge /U n it  V olum e of 
Soil
(a m p .-h r . /m 3)
2 9 0 5 3 7 2 5 3 4 6 7 2 5 9 5
Porosity  of th e  S p e c im e n 0 .5 8 0 .6 1 0 . 6 2 0 . 6 0
Initial C o n c e n t ra t io n  
(jjg/g of dry  soil)
1 1 4 1 0 0 1 0 5 9 9
Pore  V o lum e (cm 3) 4 7 9 5 0 5 5 1 4 5 0 0
Total Flow (cm 3) 1 0 7 2 1 0 9 0 2 0 5 1 1 3 6
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Figure 5.11 Electrical Potential Difference for Cd(II) Tests
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difference also increases. Figure 5.11 also shows that 30 hours are required to 
reach an electric potential difference of 20 volts in test Cd#3 while test Cd#4 
required more than 200.0 hours to reach the same electric potential under the 
same conditions. The only difference in these tests was that, in test Cd#3 the 
initial pH was 4.4 compared to only 1.70 in test Cd#4 (the difference in the initial 
pH resulted from adding different amount of HN03 to the initial solution in order 
to avoid any precipitation at the sides of the mixer ). As the initial pH decreases, 
the conductivity of the medium increases resulting in a lower resistance for ion 
flow. However, in electrokinetic soil processing the pH of the cathode section 
increases with time resulting in a higher resistance to ion flow.
Figure 5.12 presents the flow in time for the four tests. It is observed that 
there was no flow for the first 10 to 25 hours. The flow started at an electric 
potential gradient of about 1.0 v/cm or more. Figure 5.12 also indicates that the 
flow rate decreases in time. This phenomenon is analogous to the flow behavior 
observed for the Pb(II) tests.
Figures 5.13 and 5.14 present the change in the empirical electro-osmotic 
coefficient of permeability, Kg, and electro-osmotic water transport efficiency, Kj, 
in these tests. A curve fitting was performed on the data of Kg and to eliminate 
the effects of the fluctuating voltage, current, and computer hardware and software 
sensitivity. These tests indicate that,










T est No. 3
1500
1200 T est No. 1
900
T est No. 2
600
300 T est No. 4
12001000800400 600200
TIME ( hours )

















1200 00 300 600 900 300 600 900 1200
TIME ( hours ) TIME ( hours )
Figure 5.13 Changes in Electro-osmosis Coefficient of Permeability
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decreases by an order of magnitude in time (note the flow data in Figure 5.12).
(2) Similarly, k, increases to 0.5 cm3/amp-sec at the start of the tests and 
decreases to less than 0.1 cm3/amp-sec in conformity with the flow data.
The change in Kc and Kj are significantly different in test Cd#4 and Cd#3 . All 
specimens are loaded with the same quantity of Cd(II) and they are prepared using 
a similar procedure. The only difference was in the initial pH of these specimens. 
The author believes that because the initial pH of test Cd#3 was higher than test 
Cd#4, the pore fluid electrolyte concentration of Cd#3 was lower than Cd#4. 
Therefore, the thickness of the diffuse double layer for Cd#3 was larger than 
Cd#4. Table 5.7 supports this conclusion. As the thickness of the double layer 
increases the electro-osmotic flow would increase. Thus, the flow in test Cd#3 is 
much higher than test Cd#4.
5.1.2.2 Effluent pH
Figure 5.15 presents a plot of the effluent pH at the cathode with respect 
to the number of pore volumes of flow. As a result of electrolysis, the pH at the 
cathode compartment rises to values of 11.0 to 12.0. Subsequently the pH remains 
relatively constant until 0.8 to 0.9 pore volumes of flow, then decreases with 
further processing. It is interesting to note that the decrease in pH at the cathode 
is accompanied by the decrease in flow rate, as noted in the specimens loaded with 
Pb(H).
T ab le  5 .7  E ffec t  of C o n c e n t ra t io n  and  V a le n c e s  of Ions on 
T h ic k n e s s  of th e  Diffuse Double Layer.
E lectro lyte
C o n c e n tra t io n
mol/l
T h ic k n e s s  of D iffuse Double Layer 
(1/K), cm
M o n o v a len t  ions D ivalen t ions
1 x 1 0 5 1 x 10 '5 0 .5  x 10  5
1 x 1 0 3 1 x 1 0 ® 0 .5  x 10  6
1 x 1 0 1 1 x 10 '7 0 .5  x 1 0 '7
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Figure 5.15 Effluent pH versus the Pore Volumes of Flow ( Cd(II) Tests )
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5.1.2.3 pH Profiles
The pH profiles across the specimens are presented in Table 5.8. These 
profiles are obtained upon completion of the tests. The determination of the 
hydrogen-ion activity or pH of soils is by far the most commonly made soil test. 
Conventionally, soil pH is defined by the following equation,
Soil pH = - log aH+ (5.3)
where aH+ is the activity of H+ in the soil suspension. The "effective" 
concentration of hydrogen ions includes all sources such as those arising by 
dissociation of soluble acids and those dissociated from soil particles. In these tests 
the pH values are obtained by 1- inserting pH probe directly into the soil mass ( 
in-situ ), 2- by using indicator paper (litmus paper with accuracy of.5 pH unit), 
and 3- by extracting the pore fluid out and measuring its pH value directly. It is 
noted that the pH across the specimen decreases with increasing the processing 
time, or with increasing the total charge passed per volume of specimen. The 
increase in pH from the anode to the cathode is a direct consequence of the 
advance of the acid front by migration, diffusion, and advection. These repetitive 
results showing the evolution of pH gradients in specimens loaded with Cd(II) as 
well Pb(D) reconfirm the predictions of the analytical model for the acid/base 
distributions in time. The acid front generated at the anode flushes the cell with 
time, neutralizes the base at the cathode, and decreases the effluent pH. A 
comparison between insitu and pore fluid pH indicates the following;
Table  5 .8  pH d istr ibu tions  a c ro s s  th e  s p e c im e n s
Normalized T e s t
D is tance
from Cd #1 Cd # 2 Cd # 3 Cd # 4
C a th o d e IS LP PF IS LP PF IS LP PF IS LP PF
0 .0  - 0 . 1 3 .7 9 4 .2 5 7 .2 2 3 .0 3 4 .7 5 5 .9 0 4 .3 2 4 .0 0 7 .5 0 4 . 3 4 6 .0 0 7 .9 5
0.1  - 0 . 2 3 .6 0 4 .0 0 7 .7 3 2 .5 6 4 .2 5 5 .2 8 4 .2 8 3 .5 0 7 .9 0 4 .3 2 5 .5 0 7 .5 5
0 .2  - 0 . 3 3 .6 3 3 .5 0 7 .1 5 2 .3 8 4 .0 0 5 .5 3 4 .2 2 3 .2 5 7 .3 5 4 .2 8 3 .7 5 7 .6 8
0 .3  - 0 . 4 3 .6 6 3 .0 0 7 .3 5 2 .3 6 4 .0 0 5 .2 0 4 .3 0 3 .2 5 6 .9 0 3 .0 5 3 .5 0 7 .6 0
0 .4  - 0 .5 3 .3 2 3 .0 0 6 .9 3 2 .41 4 .0 0 4 .8 0 4 .2 4 3 .2 5 7 .2 0 2 .5 0 3 .2 5 2 .9 0
0 .5  - 0 . 6 3 .4 3 2 .7 5 7 .21 2 .3 3 3 .7 5 3 .5 5 4 .1 3 3 .5 0 6 .6 0 2 .0 4 2 .5 0 2 .4 8
0 .6  - 0 . 7 3 .41 2 .7 5 3 .7 5 1 .4 5 3 .7 5 1 .5 4 3 .7 9 3 .0 0 4 .1 6 1 .7 9 2 .0 0 2 .2 3
0 .7  - 0 .8 3 .0 5 2 .7 5 2 .8 4 1 .5 0 3 .0 0 1 .2 0 2 .8 6 1 .7 5 2 .7 2 1 .8 0 1 .7 5 2 .0 3
0 .8  - 0 .9 2 .3 8 1 .7 5 2 .3 0 1 .31 2 .0 0 1.21 2 .6 2 1 .5 0 2 .6 2 1 .5 4 1 .5 0 1 .8 8
0 .9  - 1 .0 2 .1 0 1 .5 0 1 .8 2 1 .4 3 1 .7 5 1 .4 7 2 .51 1 .5 0 2 .0 8 1 .4 9 1 .2 5 1 .6 8
IS - In-situ w ith  pH M eter
LP - L itm us Paper  (ac c u rac y  is .5  pH units)
PF - Pore  Fluid w ith  pH M eter
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1. In the anode zone, the insitu and the pore fluid pH values are relatively 
identical and this can be explained by realizing that, " in acid solutions, the 
surface will be positively charged; the cation exchange capacity of kaolimte will 
be small and it will have a significant anion exchange capacity", (Drever, 1988). 
Therefore, as the acid zone advances across the soil specimen, the soil will reach 
a saturated point of hydrogen ions. Consequently, any insitu measurements of pH 
will be the measurements of activity of hydrogen ions in the pore fluid.
2. In the cathode zone, there is a substantial difference between the insitu and the 
pore fluid pH values. This phenomenon can be explained as follows;
As long as the soil is negatively charged, the adsorption and desorption of 
cations will continue resulting in a high concentration of hydrogen ions in the 
diffuse part of the double layer. Therefore, these protons are not free to leave the 
soil when the water is forced out of the soil pores. This implies that higher pH 
will be obtained for the pore fluid than the insitu values.
5.1.2.4 Conductivity
The electrical conductivity phenomena arise from the movement of ions or 
electrons through a conducting system under the influence of an electric field (E). 
Figure 5.16 presents the change in apparent conductivity across the electrodes in 
the experiments conducted to remove Cd(II) loaded on Kaolinite. Equation 5.1 is 
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Figure 5.16 The Change in Apparent Conductivity with Time ( Cdfll) Tests )
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trends are identical to the ones presented in Figure 5.5 for soils loaded with 
Pb(II).
Table 5.9 presents the insitu and the pore fluid conductivity profiles across 
the cell upon completion of each test. It is clear that the calculated conductivity 
at the end of the tests in Figure 5.16 and the measured insitu conductivity in the 
cathode zone are compatible. Pore fluid conductivity is higher than the insitu 
conductivity as presented in Table 5.9. The same trend was observed in the blank 
test and in tests conducted on soil loaded with Pb(II). For more discussion the 
reader is referred to section 5.1 .
5.1.2.5 Efficiency of Cd(II) Removal
Table 5.10 provides profiles of the ratio of final concentration of Cd(II), 
(Ct), in the specimens to the initial concentration, (Cj). It is interesting to note that
for the four tests conducted on soil loaded with Cd(II), 92 to 100 percent removal 
of Cd(H) was achieved across the cell except in the test section close to the 
cathode. It is noted that even in test Cd#4 which had a very low K K j ,  and high 
pH, Cd(H) was removed by the process. This shows that the removal efficiency 
is not only due to the advection generated by electro-osmotic flow but also due to 
migration of contaminants by electrical gradients.
The mass balance in each test is provided in Table 5.11. A significant 
amount of removed cadmium is electroplated at the cathode.
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Cd #1 Cd #2 Cd #3 Cd #4
ISC PFC ISC PFC ISC PFC ISC PFC
0 .0  - 0.1 61 6660 75 6060 1370 4 4 5 0 1280 16300
0.1 - 0 .2 51 2350 73 4 5 3 0 1010 2 7 0 0 1710 12940
0 .2  - 0 .3 55 487 70 3 2 1 0 503 1070 1620 10680
0.3  - 0 .4 18 397 66 560 105 81 1280 6980
0.4  - 0 .5 11 3 6 0 21 40 21 67 1050 4 2 8 0
0.5  - 0 .6 11 108 13 49 20 70 598 1680
0 . 6 - 0 . 7 8 103 12 57 18 59 88 87
0 1 o 00 9 133 15 57 17 67 11 123
0 .8  - 0 .9 12 146 16 56 18 99 8 138
0.9  - 1.0 15 116 15 66 19 71 12 95
ISC - In-situ Conductivity 
PFC • Pore Fluid Conductivity
T ab le  5 .1 0  T h e  ra tio  of final to  initial c o n c e n t r a t io n s ,  C f/Cj.
Norm alized
D is ta n c e
from
A n o d e
T e s t  N um ber
Cd #1 Cd # 2 Cd # 3 Cd # 4
0 .0  - 0 .1 0 .0 0 0 .0 0 0 . 0 0 0 .0 7
0 .1  - 0 .2 0 .0 0 0 .0 0 0 . 0 0 0 .0 8
0 .2  - 0 .3 0 .0 0 0 . 0 0 0 . 0 0 0 .0 8
0 .3  - 0 . 4 0 .0 0 0 .0 0 0 . 0 0 0 .0 7
0 . 4  - 0 .5 0 .0 0 0 .0 0 0 . 0 0 0 .0 7
0 .5  - 0 . 6 0 .0 1 0 . 0 0 0 . 0 0 0 .0 3
0 .6  - 0 . 7 0 .0 0 0 . 0 0 0 . 0 0 0 .0 2
0 .7  - 0 .8 0 .0 1 0 .0 0 0 . 0 0 0 .0 1
0 .8  - 0 .9 0 .0 1 0 .0 0 0 . 0 0 0 . 0 2
0 .9  - 1 .0 0 .1 3 0 .0 1 0 .1 7 1 .7 4
T ab le  5 .11  M a ss  b a la n c e  in t h e  s p e c im e n s
D escrip tion
T o ta l  A m o u n t  of C a d m iu m , m g
Cd #1 Cd U2 Cd # 3 Cd # 4
S p e c im e n :
Initial 1 0 2 .0 9 6 .7 9 5 .9 8 8 . 4
Final 1 .6 0 .2 2.1 2 1 .1
E lec trodes
C a th o d e 9 2 .1 8 4 .7 8 3 .0 4 7 .5
A n o d e 0 .0 N/A N/A N/A
Effluent 0 .0 0.1 0.1 0.1
Influent N/A N/A N/A 0 .7
Error* 8 .2 1 1 .8 1 0 .8 19
* Error =  (initial - final - e le c t r o d e s  - e f f lu e n t  - influent)
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5.1.2.6 Energy Expenditure
Energy expenditure per unit volume of soil processed, Eu, is given by equation
5.2 where Eu is the energy (watt-hr/m3). This implies that the energy expenditure 
increases at a constant rate because, in all tests conducted, the electric potential 
difference across the specimen tends to stabilize at a range of 2.0 to 2.5 v/cm .
Figure 5.17 presents a plot of the energy expended per unit volume of soil 
versus the pore volumes of flow recorded. The energy expenditure in test Cd#2 
(106 kW-hr/m3) is clearly shown to be higher than the other three tests which 
exhibited similar trends. This is due to the longer duration of test Cd#2 than the 
other tests and that the electric potential was higher than the other tests, probably 
due to a loose connection between the electric wires and the electrodes. Tests are 
terminated at a time after the pH level at the cathode started to decrease. The 
results demonstrate that the energy expenditure at the time these tests were 
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Figure 5.17 Energy Expended/Unit Volume versus Pore Volumes of Flow
( Cd(H) Tests )
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5.1.3 Cr(EI)
Chromium (Cr) is a transition metal which shows several oxidation states 
but only three are important; Cr(0), Cr(IIl), and Cr(VI). It has an atomic number 
of 24 and an atomic weight of 52.0 grams. The adsorption of Cr(VI) and Cr(III) 
by kaolinite has been investigated by Griffin, et al., (1977). They reported that the 
adsorption of Cr(m) and Cr(VI) species are pH dependent. The adsorption of 
Cr(IH) increases as pH increases, while the adsorption of Cr(VI) decreases as pH 
increases.
Four tests are conducted for removal of Cr(III) adsorbed on saturated 
Georgia kaolinite. The dimensions of the specimens, current density, duration of 
tests, and other parameters in these tests are presented in Table 5.12. Test 1 for 
chromium removal was a preliminary one. Problems were encountered in 
measurements of electric potential, flow, and pH due to difficulties with the data 
acquisition software and the power supply. The current density was not constant 
throughout this test.
5.1.3.1 Electrical Potential Gradients and Flow
Figure 5.18 presents the voltage across the electrodes in time for the three 
tests. In the three tests the electric potential increases gradually from 0.15 V/cm 
to 2.5 V/cm in less than 30.0 hours and then it stays relatively constant. As the 
electric potential increases to its maximum value, the pH value also increases to
1 1 6
Table  5 .1 2  S u m m a ry  of te s t in g  p rogram  a n d  p ro c e s s in g  d a ta  for Cr(lll).
P a ra m e te r
T e s t  N u m b e r
Cr #1 Cr # 2 Cr # 3 Cr # 4
C urren t  (mA) 3 .0 3 .0 3 .0 3 .0
D im ens ions
A rea  (cm 2) 8 1 .1 8 1 .1 8 1 .1 8 1 .1
Length  (cm) 1 0 .2 1 0 .2 1 0 .2 1 0 .2
D uration (hr.) 4 8 3 6 9 9 1 6 0 2 1191
C urren t D ensity  (m A /c m 2) 0 .0 3 7 0 . 0 3 7 0 . 0 3 7 0 . 0 3 7
Total C ha rge  (am p.hr.) N/A 2 .1 0 4 .8 1 3 .5 7
Total C harge /U n it  V olum e of 
Soil
(am p .-h r . /m 3)
N/A 2 5 3 9 5 8 1 1 4 3 2 0
Porosity  of th e  S p e c im e n 0 .6 2 0 . 6 2 0 . 6 2 0 . 6 4
Initial C o n c e n tra t io n  
(/yg/g of dry soil) 1 3 6 1 2 3 1 0 8 1 3 4
Pore V olum e (cm 3) 5 3 7 5 1 1 .5 5 1 3 5 3 4
Total Flow (cm 3) 8 6 9 7 0 6 7 6 8 351
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Figure 5.18 Electrical Potential Gradient ( Cr(III) Tests )
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its maximum value of about 11.0 and stays relatively constant for about 0.7 to 0.8 
pore volumes of flow before it starts decreasing ( Figure 5.23). Similar trends 
were observed in the tests conducted on soils loaded with Pb(II) and Cd(II).
Figure 5.19 shows the development of the electrical potential difference 
across the cell in test Cr#3 in time. In this test, holes were drilled across the 
specimen in order to monitor the electrical potential gradients. This was done in 
order to assess any potential drop at the electrodes. The conductivity profiles 
obtained in the Pb(H) and Cd(II) tests suggested that the electrical potential 
gradients will be nonlinear across the cell. This test was conducted to verify the 
earlier hypothesis that the nonlinearity in conductivity across the cell would lead 
to nonlinearity in electrical potential drop.
Table 5.13 indicates that the electrical potential difference measured across 
the electrodes is identical to the values measured across the specimen. This implies 
there were not significant overpotentials developed at the electrodes due to any gas 
generation and other secondary factors. Therefore, the current levels used in this 
study did not result in any significant overpotential. The electrical potential 
developed across the specimen is an approximate measure of the resistance ( or 
conductivity ) offered to ion flow under electrical gradients. Figure 5.19 depicts 
that as the electrical conductivity increases in the anode section, a corresponding 
decrease accompanies in the cathode section. As a consequence of the high 
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Figure 5.19 Voltage Across the Cell versus Normalized 
Distance from Anode
T able  5 .1 3  Electrical Po ten tia l  D iffe rence
Time
(hours)
V oltage  D iffe rence
In th e  S p e c im e n  
a t  1 .0  cm  from 
t h e  E lec trodes  
(volts)
A c ro s s  th e  
E lec trodes  
(volts)
4 2 .3 2 .4
13 2 .8 3 .3
2 0 3 .3 3 .6
4 0 4 .8 5 .7
7 0 1 5 .2 1 6 .6
1 0 0 2 2 .2 2 3 .7
1 4 0 2 2 .2 2 3 .8
1 7 0 2 3 .0 2 4 .4
2 1 0 2 5 .0 2 6 .5
2 6 0 2 4 .7 2 6 .7
4 5 0 2 6 .0 2 8 .0
6 0 0 2 5 .3 2 7 .4
9 3 0 2 4 .7 2 8 .4
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potential difference in this section. In conformity with the decreasing conductivity 
in the cathode section, the majority of the electrical potential difference across the 
cell is realized in this section. Nonlinearity in electrical potential gradient imply 
nonlinearity in advective flux due to electrical gradients. This would result in 
coupling between flow due to differences in hydraulic and electrical potentials.
Figure 5.20 presents the flow in time for tests Cr#2, Cr#3, and Cr#4. 
There was no flow in the first 20.0 hours. Then the flow rate increased up to 0.8 
to 0.9 pore volumes before it started to decrease.
Figures 5.21 and 5.22 present the change in electro-osmotic coefficient of 
permeability, Kg, and electro-osmotic water transport efficiency, K; respectively. 
These figures indicate that:
(1) Kg increases to 1.0 x 10'5 cm2/V-sec at the start of each test and then 
decreases by more than an order of magnitude in time (note the flow data in 
Figure 5.20).
(2) Similarly, k, increases to 0.6 cm3/amp-sec at the start of the tests and 
then decreases to less than 0.1 cm3/amp-sec in conformity with the flow data.
Similar trends are presented in section 5.1.1 for Pb(II) tests, in section
5.1.2 for Cd(H) tests, and by Casagrande (1983). Time dependent changes in kg 
and lq demonstrate that the coefficients kg and lq are not constants for a specific 
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5.1.3.2 Effluent pH
Figure 5.23 presents a plot of the effluent pH at the cathode with respect 
to the number of pore volumes of flow. As a result of electrolysis, the pH at the 
cathode compartment rises to values more than 11.0. The advance of the acid 
front from the anode to the cathode affects the pH values at the cathode 
compartment. This effect is observed to occur at 0.8 to 0.9 pore volumes of flow. 
It is interesting to note that the decrease in pH value is accompanied by a decrease 
in the flow rate. This can be explained by the fact that as the pH of the cathode 
compartment rises to its maximum value of 11 to 12, the pH at the anode drops 
to its minimum value. By advection, diffusion, and migration, the acid front 
advances through the cell from the anode to the cathode resulting in the 
acidification of the anode zone. As the pore fluid becomes more and more acidic, 
the clay particles become less and less negatively charged. This results in a 
decrease of the electro-osmotic flow rate. When the clay particles reach a zero 
point of charge, the electro-osmotic flow stops.
5.1.3.3 pH Profiles
pH distribution across the specimens upon the completion of the tests is 
presented in Table 5.14. The pH values are obtained for each section by using the 
three methods: 1- inserting pH probe directly into the soil mass (insitu), 2- by 
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Figure 5.23 Effluent pH versus the Pore Volumes of Flow ( Cr(III) Tests )
■ able 5 .1 4  pH distributions across the specimens.
Normalized Test
Distance
from Cr* #1 Cr #2 Cr* #3 Cr #4
Cathode IS LP PF IS LP PF IS LP PF IS LP PF
0 . 0 - 0 . 1 2 .72 N/A 5.10 4 .0 0 4 .50 4 .08 4 .38 4 .00 7.30 4 .28 4 .50 5 .60
0.1 - 0 . 2 2 .75 N/A 4 .99 3 .95 4 .50 4 .08 4 .06 4 .0 0 6.55 4 .15 4 .50 5 .84
0.2  - 0 .3 3 .52 N/A 3.95 3 .95 4.75 3 .77 4 .00 4 .00 7.28 3 .88 4 .75 7.05
0.3  - 0 .4 2 .96 N/A 3.51 3 .8 0 5.00 3 .77 4 .10 3 .75 6 .30 3 .98 4 .75 6 .84
0 . 4 - 0 . 5 2 .27 N/A 3.17 3 .8 0 4 .50 3 .53 3 .95 3 .75 6 .26 3.81 3 .50 6 .42
0 . 5 - 0 . 6 2 .26 N/A 2 .78 3 .65 4 .50 2.59 3.65 2 .50 5.05 3.55 4 .75 4 .72
0 . 6 - 0 . 7 2 .39 N/A 2.69 2 .70 3.75 2.26 2 .56 2 .00 2.71 2.85 2.50 2.59
0 .7  - 0 .8 2 .45 N/A 2 .56 2 .27 2.00 1.94 2 .34 1.75 2.44 2 .80 1.75 2 .46
0 . 8 - 0 . 9 2 .38 N/A 2 .60 2.07 1.50 1.91 2.04 1.50 2 .24 2.43 1.75 2.27
0 .9  - 1.0 2 .07 1.50 1.86 N/A 2.41 1.75 2 .10
*Cr #1 and Cr #2: the  cell divided into 9 segments.
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measuring the pH in the extracted pore fluid. The pH across the specimen 
decreases with an increase in the processing time or with the total charge passed 
per volume of specimen. The increase in pH from the anode to the cathode is a 
direct consequence of the advance of the acid front. A comparison between insitu 
and pore fluid pH indicates the following;
1. In the anode zone, the insitu and the pore fluid pH values are relatively
identical.
2. In the cathode zone, there is a substantial difference between the insitu and the 
pore fluid pH values.
The reasons for these observations were discussed in section 5.1.2.
5.1.3.4 Conductivity
A discussion of electrical conductivity in electrokinetic soil processing was 
previously presented in section 5.1. Figure 5.24 presents the change in apparent 
conductivity across the electrodes in the chromium experiments. The trend is 
identical to the ones obtained for Pb(II) and Cd(II) loaded specimens.
Table 5.15 presents the insitu and the pore fluid conductivity profiles across 
the cell upon completion of each test. It is clear that the calculated conductivity 
in Figure 5.24 and the measured insitu conductivity in the cathode zone are 
comparable to each other. In Table 5.15, the pore fluid conductivity is higher than 
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Figure 5.24 The Change in Apparent Conductivity with Time ( Cr(III) Tests )
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A n o d e
T e s t
Cr #1 Cr # 2 Cr # 3 Cr # 4
ISC PFC ISC PFC ISC PFC ISC PFC
0 .0  - 0 .1 111 6 9 0 0 5 3 0 N/A 4 5 5 7 2 5 0 6 0 7 5 2 0
0.1  - 0 . 2 111 4 7 6 0 4 2 0 N/A 4 4 0 4 1 4 0 5 5 5 2 6 0
0 .2  - 0 .3 111 2 5 9 0 1 3 0 N/A 3 7 0 1 3 6 0 5 2 2 6 2 0
0 .3  - 0 .4 111 1 5 3 0 12 N/A 2 9 8 1 .2 4 7 1 3 5 0
0 . 4 -  0 .5 4 5 3 0 3 9 N/A 21 1 0 6 10 7 5
0 .5  - 0 .6 2 7 31 5 N/A 18 6 8 7 7 3
0 .6  - 0 .7 2 5 3 6 16 N/A 16 111 7 7 5
0 .7  - 0 .8 31 2 9 18 N/A 12 9 8 7 8 2
O)ot00o 3 3 2 7 1 4 N/A 9 9 0 5 71
0 .9  - 1 .0 11 N/A 3 5 3
ISC - In-situ C onduc tiv ity  
PFC - Pore Fluid C onductiv ity
Cr*#1 an d  C r‘# 3 :  t h e  cell w a s  divided in to  9 s e g m e n t s .
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tests conducted on soil loaded with Pb(II) and Cd(II). For more discussion, the 
reader is referred to section 5.1 .
5.1.3.5 Efficiency of Cr(IH) Removal
Table 5.16 provides profiles of the ratio of final concentration (Cf) of 
Cr(III) on the soil specimen to the initial concentration (C).  It is interesting to 
note that in the four tests conducted on specimens loaded with Cr(HI), only 65 to 
70 percent of Cr(XII) was removed in the anode zone while a large amount of 
Cr(III) precipitated at the cathode zone. An understanding of the behavior of 
Cr(III) at different pH levels is necessary for a better assessment of these lower 
removal levels than those for Pb(II) and Cd(II). Griffin et. al, (1977) concluded 
that above pH 5.0, Cr(HI) will become immobile due to precipitation. Below a pH 
of 4.0, Cr(III) species will be highly adsorbed by the kaolinite and therefore will 
have low mobility through the soil. At a pH range of 4.0 to 5.0, a combination 
of precipitation and adsorption processes will take place. In these tests, the acid 
front generated at the anode would drop the pH in the anode zone to about 2.0 ( 
Table 5.13). Cr(III) species will be mobile and they will migrate towards the 
cathode zone at this pH value. However, at the cathode zone where the pH values 
are higher than 3, the processes of precipitation and adsorption will take place and 
therefore Cr(III) species will not migrate to the cathode as in the case for Pb(II) 
and Cd(II).
Table 5 .1 6  The ratio of final to initial concentrations, C,/Cj.
Normalized
D is tan ce
from
A node
T e s t  N um ber
Cr #1 Cr # 2 Cr # 3 Cr # 4
o o t o 0 . 3 0 0 .6 5 0 . 3 0 0 . 3 4
0 .1  - 0 .2 0 .3 5 0 .7 6 0 .3 8 0 .3 7
0 .2  - 0 .3 0 . 4 2 0 .8 2 0 .4 2 0 . 4 6
0 .3  - 0 . 4 0 .5 5 0 .8 3 0 .5 1 0 . 5 0
0 .4  - 0 .5 0 .6 6 0 .9 1 0 .6 5 0 . 5 6
0 .5  - 0 . 6 0 .7 8 0 .9 9 0 .8 7 0 .7 5
0 .6  - 0 .7 0 .9 5 0 .9 6 0 .8 9 0 .8 8
0 .7  - 0 .8 1 .0 8 1 .0 3 1 .2 0 0 . 9 3
0
 
bo 1 o CD 1 .6 9 1 .0 8 2 .7 6 1 .0 5
0 .9  - 1 .0 2 .2 5 1 .8 0
T ab le  5 .1 7  M a ss  ba la n c e  in t h e  s p e c im e n s
D escrip tion
Tota l  A m o u n t  of C hrom ium , m g
Cr #1 Cr # 2 Cr # 3 Cr # 4
S p e c im e n :
Initial 8 9 .7 9 3 .6 8 1 .5 9 4 .6
Final 7 3 .8 9 4 .9 71 .1 7 4 .9
E lec trodes
C a th o d e 2 8 .7 0 .9 5 1 8 .8 1 5 .7
A node N/D 0 .1 3 N/D 0.1
Effluent N/D N/D N/D N/D
Influent N/D N/D N/D N/D
Error* - 1 2 .8 - 2 .4 -8 .4 3 .9
•Error - (initial - final - e le c t ro d e s  - e f f lu e n t  - influent)
N/D =  Not D e te c ta b le
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The mass balance for each test is provided in Table 5.17. A significant 
amount of removed chromium is again electroplated at the cathode.
5.1.3.6 Energy Expenditure
The energy expenditure per unit volume of soil processed is given by 
equation 5.2 .
Figure 5.25 presents a plot of the energy expended per unit volume of soil 
versus the pore volumes of flow recorded. The energy expenditure in tests Cr#2 
and Cr#3 was 57, and 42 (Kw-hr/m3), respectively. The energy expenditure in test 
Cr#4 (118 kW- hr/m3) is higher than the other two tests which exhibited similar 
trends. The author believes that the reasons for this behavior are as follow;
1- the electric potential in test Cr#4 was higher than the other tests ,
2- the initial pH for Cr#4 was 4.0 while the initial pH value for Cr#2 and Cr#3 
were 6.5, and 3.0, respectively.
3- the duration for Cr#4 was 1191 hours while the periods for Cr#2, and Cr#3 
were 619, and 1600 hours, respectively. All tests are terminated at a time after the 
pH level at the cathode started to decrease. The results demonstrate that the 
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5.2 Concentration and Current Density Effects
While the above tests demonstrate the feasibility of removing adsorbed 
inorganic cations from kaolinite by the electrokinetics technology, the complicated 
chemistry prevailing during the process and the behavior of different species in the 
changing pH environment do not allow an assessment of the feasibility under 
higher current densities and for higher ion concentrations. Bench-scale studies are 
deemed necessary to develop a better understanding of the influence of increased 
current densities and concentrations on the efficiency of removal. Pb(II) was 
selected for the purpose of studying these effects.
Table 5.18 summarizes all the tests conducted in this study. Three different 
concentration levels are used. These concentrations were selected to be less than 
the cation exchange capacity of the mineral as movement of adsorbed species is 
within the scope of this study. The current density was selected as 0.012, 0.037, 
and .123 mA/cm2. In essence, the current is increased by an order of magnitude. 
The processing conditions for these tests are presented in Table 5.19.
The reduced data pertaining to these experiments ( flow, voltage gradients, 
effluent pH, pH profiles, apparent conductivity, and conductivity profiles) are 
presented in Appendix A. An analysis of the data obtained is presented.
The tests were continued until pH levels at the cathode compartment 
decreased to relatively steady values ( Figure A.5 ). In test Pb#hl0 the flow 
decreased substantially (probably due to the low initial pH value
Table 5 .1 8  Summary of Testing Program to Study Effect of
Current Density and Concentration
T e s t  No.
C urren t
D ensity
(m A /c m 2)
C o n c e n tra t io n
(AQ/g)
C o n c e n tra t io n
( m e q . /1 0 0
gm )
S e t  #1
P b # h 3 0 . 0 1 2 5 3 8 0 .5 2
P b # h 2 0 .0 3 7 6 2 5 0 . 6 0
Pb#h1 0 . 1 2 3 5 3 0 0 .5 1
P b # h 4 0 . 1 2 3 5 8 9 0 .5 7
S e t  # 2
P b # h 5 0 .0 1 2 8 6 4 0 .8 3
P b # h 9 0 .0 3 7 1 0 6 4 1 .0 2
P b # h 6 0 .1 2 3 7 5 3 0 .7 2
P b # h 8 0 .1 2 3 8 3 5 0 .8 1
S e t  # 3
P h # h 1 0 0 . 0 1 2 8 2 0 .0 8
P b # h 1 3 0 .0 3 7 7 5 0 .0 7
P b # h 1 1 0 . 1 2 3 6 8 0 .0 7
P b # h 1 2 0 . 1 2 3 7 5 0 .0 7
Table 5 .1 9  Summary of Testing Program and Processing Data for Pb(ll).
P a ra m e te r
T e s t  N um ber
Pb #h1 Pb # h 2 Pb # h 3 Pb # h 4 Pb # h 5 Pb # h 6
C urren t ImA) 1 0 .0 3 .0 1 .0 1 0 .0 1 .0 1 0 .0
D im ensions
A rea  (cm 2) 81 .1 81 .1 81 .1 81 .1 81 .1 81 .1
Length  (cm) 1 0 .2 1 0 .2 1 0 .2 1 0 .2 1 0 .2 1 0 .2
Duration (hr.) 4 2 4 7 1 7 1 2 0 4 411 . 1 6 8 4 3 5 0
C urren t D ensity  (m A /cm 2) 0 .1 2 3 0 .0 3 7 0 . 0 1 2 0 . 1 2 3 0 .0 1 2 0 . 1 2 3
Total C harge  (am p.hr.) 4 . 2 4 2 .1 5 1 .2 0 4 .1 1 1 .6 8 3 .5 0
Total C harge/U nit V olum e of 
Soil
(am p .-h r . /m 3)
5 1 2 0 2 5 9 8 1 4 5 5 4 9 6 3 2 0 3 6 4 2 3 1
Porosity  of th e  S p e c im e n 0 .5 9 0 .6 2 0 .6 1 0 .5 8 0 .5 9 0 .6 0
Initial C o ncen tra tion  
(pglg of dry soil) 5 3 0 6 2 5 5 3 8 5 8 9 8 6 4 7 5 3
Pore Volum e (cm 3) 4 8 9 511 5 0 7 .5 581 4 8 8 4 9 3
Tota l Flow (cm 3) 7 1 3 6 0 4 3 0 4 4 6 3 1 4 2 5 8 4
Pore V o lum es  of Flow 1 .4 6 1 .1 8 0 .6 0 0 .8 0 .2 9 1 .1 9
Table 5 .1 9  (continued)
P a ra m e te r
T e s t  N um ber
Pb # h 8 Pb # h 9 Pb # h 1 0 Pb # h 1 1 Pb # h 1 2 Pb # h 1 3
C urren t (mA) 1 0 .0 3 .0 1 .0 1 0 .0 1 0 .0 3 .0
D im ensions
A rea  (cm 2) 81 .1 81 .1 81 .1 81 .1 81 .1 8 1 .1
Length  (cm) 1 0 .2 1 0 .2 1 0 .2 1 0 .2 1 0 .2 1 0 .2
Duration (hr.) 301 5 6 7 1 4 6 3 2 1 3 3 3 9 6 1 4
C urren t D ensity  (m A /c m 2) 0 .1 2 3 0 .0 3 7 0 . 0 1 2 0 . 1 2 3 0 . 1 2 3 0 . 0 3 7
Total C harge  (am p.hr.) 3 .01 1 .7 0 1 .4 6 2 .1 3 3 .3 9 1 .8 4
T-^tal C harge/U nit V o lum e of 
Soil
(am p.*hr./m 3)
3 6 3 9 2 0 5 6 .4 1 7 6 8 .6 2 5 7 5 4 0 9 8 2 2 2 7
Porosity  of th e  S p e c im e n 0 .5 7 0 .5 8 0 .6 0 0 .5 7 0 .5 7 0 .6 5
Initial C o ncen tra tion  
(/yg/g of dry soil) 8 3 5 1 0 6 4 8 2 6 8 7 5 7 5
Pore Volum e (cm 3) 4 7 4 4 8 3 4 9 3 4 6 9 4 7 4 5 3 7
Total Flow (cm 3) 6 4 8 3 5 7 2 6 5 6 0 8 1 8 4 2 8
Pore V o lum es of Flow 1 .3 7 0 .7 4 0 .0 5 1 .2 0 1 .7 3 0 .8 0
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of 1.8) and therefore, the experiment was terminated earlier than the decrease in 
pH values at the cathode compartment.
Efficiency of Removal
Table 5.20 provides the dimensionless concentration ratios across the 
specimens upon termination of the tests. Under constant current conditions and at 
a given initial concentration of Pb(II), the removal is expected to proceed from the 
anode to the cathode. Pb(H) is removed across the cell and it is precipitated in the 
cathode zone. The concentrations used were 7 % to 100 % of the cation exchange 
capacity of kaolinite and ranged between 68 /xg/g to 1060 mg/g of soil. The mass 
balance in the tests is presented in Table 5.21. The mass was balanced within 
15 % of the initial amount of Pb(H) loaded into the specimen. This error is found 
reasonable for an assessment of removal efficiency. It is observed that a 
significant amount of removed Pb(II) is electroplated at the cathode electrode. 
Most of the unremoved Pb(D) was found in the cathode section particularly in the 
segment adjacent to the cathode electrode.
Figure 5.26 shows the ratio of final to initial concentration across the 
specimens. There are two major factors affecting the process in removal of 
contaminants; namely, the time and the current density;
Time: time is a very important factor because it is not yet possible to predict the 
timetable for the acid to breakthrough. In this study, tests were terminated when
141






Pb #h1 Pb #h2 Pb #h3 Pb #h4 Pb #h5 Pb #h6
0 .0  - 0.1 0 .01 0 .02 0 .0 7 0 .0 2 0 .1 0 0 .0 2
0.1 - 0 .2 0 .01 0 .0 3 0 .0 6 0 .01 0 .0 9 0 .0 2
0 .2  - 0 .3 0.01 0 .0 4 0 .0 7 0 .01 0 .0 9 0.01
0 .3  - 0 .4 0 .0 3 0 .0 5 0 .0 8 0 .0 2 0 .0 4 0 .0 2
0 .4  - 0 .5 0 .1 2 0 .0 5 0 .0 7 0 .0 2 0 .0 9 0 .0 3
0 .5  - 0 .6 0 .1 0 0 .0 6 0 .0 7 0 .0 2 0 .0 7 0 .0 3
0 .6  - 0 .7 0 .0 5 0 .0 6 0 .0 6 0 .0 2 0 .0 7 0 .0 4
0 .7  - 0 .8 0 .0 4 0 .0 5 0 .0 6 0 .0 2 0 .0 5 0 .0 4
0 .8  - 0 .9 0.11 0 .2 2 0 .1 0 0 .0 2 0 .0 6 0 .0 3
0 .9  - 1.0 2 .75 7 .22 7 .9 7 3 .0 7 9 .9 4 .3 8
142






Pb #h8 Pb #h9 Pb #h10 Pb #h11 Pb #h12 Pb #h13
0 .0  -0 .1 0.01 0 .0 5 0 .2 3 0 .2 4 0 .0 5 0.11
0.1 - 0 .2 0 .0 5 0 .0 6 0 .1 9 0 .1 7 0 .0 5 0 .1 8
0 .2  - 0 .3 0 .0 2 0 .0 8 0 .1 9 0 .1 4 0 .0 6 0 .1 4
0 .3  - 0 .4 0 .0 3 0 .1 0 0 .1 8 0 .2 4 0 .0 8 0 .1 5
0 .4  - 0 .5 0 .0 3 0 .1 2 0 .1 7 0 .2 7 0 .0 7 0 .2 0
0 .5  - 0 .6 0 .0 5 0 .1 3 0 .1 8 0 .2 2 0.11 0 .2 3
0 .6  - 0 .7 0 .0 6 0 .1 2 0 .1 6 0 .1 7 0.11 0 .2 3
0 .7  - 0 .8 0 .0 6 0 .0 8 0 .1 5 0 .1 7 0 .1 3 0 .2 2
0 .8  - 0 .9 0 .0 4 0 .0 7 0 .1 6 0 .24 0 .1 2 0 .3 0
0 .9  - 1.0 6 .95 8 .45 5 .4 4 1 .32 1 .16 5 .1 5
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Table  5 .21  M a ss  b a la n c e  in t h e  s p e c im e n s .
D escrip tion
Tota l A m o u n t  of Pb(ll), m g
Pb #1 Pb # 2 Pb # 3 Pb # 4 Pb # 5 Pb # 6
S p e c im e n :
Initial 5 8 7 .0 6 8 2 .0 6 1 0 .1 5 9 2 .5 1 1 4 3 .3 1 0 6 4 .0
Final 1 8 0 .8 6 4 4 .4 4 2 3 .3 2 2 1 .5 1 1 4 0 .7 4 9 6 . 0
E lec trodes
C a th o d e 3 2 3 .5 3 5 .7 1 8 0 .0 2 7 3 .4 7 6 .5 3 8 5 .0
A n o d e 0 .0 0 .5 0 .7 1 .3 3 .3 2 2 .5
N/D 0.1 N/D N/D N/D N/D
Influent N/D N/D N/D N/D N/D N/D
Error* 8 2 .7 1 .3 6.1 9 6 .3 0 .7 1 6 0 .5
* Error =  (initial - final - e le c t ro d e s  * e ff lu en t  - influent)
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Table  5 .21  (con tinued)
D escrip tion
Total A m o u n t  of Pb(ll), m g
Pb # 8 Pb # 9 Pb # 1 0 Pb #11 Pb # 1 2 Pb # 1 3
S p e c im e n :
Initial 1 1 5 4 .0 1 2 3 7 .3 93 .1 8 6 .0 9 6 .8 1 0 0 .7
Final 8 6 3 .2 1 0 6 9 .0 6 3 .5 2 6 .5 1 9 .7 6 7 .9
E lec trodes
C a th o d e 2 7 5 .0 1 9 2 .3 2 6 .3 5 0 .4 6 9 .7 4 .3
A node 1 0 .3 6 .3 1 .2 4 . 4 N/D 2 .0
Effluent N/D N/D 1 .2 N/D N/D N/D
Influent N/D N/D 0 .3 N/D N/D N/D
Error* 4 .5 - 2 4 .3 0 .6 9.1 7 .4 2 6 .4
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the pH at the cathode compartment decreased below a pH of 7. The drop in pH 
was due to the advance of the acid front from the anode to the cathode by 
diffusion and advection.
Current Density: Tests with higher current densities have higher removing 
efficiencies than tests with lower current densities in the same period of 
processing. The flow rate increases as the current density increases. As a result 
of this increase, the acid front moves at a faster rate to the cathode by the 
advection, reducing the processing time.
The total amount of charge input per unit volume of soil, E (kW-hr/m3), 
is a parameter which combines the influence of current density together with the 
time of processing. It is noted that as the current density increases, the time of 
processing decreases but the total energy expended is substantially increased. 
Figure 5.26 also provides the following implications;
1- High removal efficiencies were achieved in tests with concentrations varying 
from 68 fxg/g to 1064 ug/g of Pb(II).
2- In all these tests, a large amount of Pb(II) was found precipitated adjacent to 
the cathode. The amount of precipitation of Pb(II) at the last segment close to the 
cathode was higher for tests with lower current densities. This indicates that, 
further processing is needed even when the effluent pH decreases below 7.0.
3- The relationship between the current density and the time needed to remove the 
contaminant is not linear,( i.e. it took about 420 hours to remove 99 % of Pb(II)
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in test Pb#hl and Pb#h4 where the current density was 0.123 mA/cm2, w'hile it 
took only 716 hours to remove 98% in test Pb#h2 with a current density of 0.037 
mA/cm2.). The same result is observed in the other tests.
Energy Expenditure
Energy expenditure per unit volume of soil processed is given by equation
5.2 for tests with constant current conditions. It is directly related to the time 
integral of the electric field across the cell.
Figure 5.27 presents the plots of the energy expended per unit volume of 
soil versus time. The energy expenditure in tests with high current densities was 
higher than the tests with lower current densities by more than one order of 
magnitude (i.e., the energy expended for Pb#h4 was 300 kW-hr/m3 in 400.0 hours 
while the energy expended for Pb#h2 was 27 kW-hr/m3 for the same period of 
time). The slope of the energy expenditure plots given in Figure 5.27 would give 
the power consumption. The power consumption is similar in tests conducted at 
the same level of current density, regardless of the level of concentration. This 
implies that power consumption will only change with current density rather than 
concentration of Pb(II). However, the author notes that such a generalization 
would only be true for concentrations lower than the cation exchange capacity of 
the mineral. For example, the energy expended in test Pb#h6 with an initial 
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energy expended for test Pb#hl2 with an initial concentration of about 72 jug/g is 
130 Kw-hr/m3 for the same period of time. The results demonstrate that the 
energy expenditure at the time these tests were terminated ranges from 11 to 310 
kW-hr/m3.
Table 5.22 provides a summary of the results of the tests conducted 
to study the effects of current density and concentration. These results indicate 
that,
(1) K,. vales for twelve tests conducted in this section ranging from 1.0 x 
10 5 to 6 x 10'7 cm2/V-sec. It increased at the start of each test and decreased by 
an order of magnitude or more during the process.
(2) Similarly, K* increased to 0.5 cm3/amp-sec at the start of the tests and 
decreased to less than 0.01 cm3/amp-sec in conformity with the flow data.
The maximum values of Kc were plotted versus the current density in 
Figure 5.28. The figure indicates that changing the current density by one order 
of magnitude does not significantly affect the values of maximum Kg. It shows that 
maximum Kc ranges between 3X10"6 to lOxlO"6. Therefore, the change in the 
initial concentration does not affect Ke values and any change can be ignored for 
concentrations below the cation exchange capacity of the soil.
Figure 5.29 presents the average pore fluid conductivity at the end of each 
test versus the current density. This figure clearly demonstrates that the final 
conductivity of the medium is a function of the current density. It increases by an
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Table 5 .22  Results of Tests  Conducted to Study the Effects of
Current Density and Concentration.
Parameter
Test No.
Pb#h3 Pb#h2 Pb#h1 Pb#h4
Concentration
Cug/g)
538 625 530 589
Current Density 
(mA/cm2)
0 .0 1 2 0 .037 0 .1 2 3 0 .1 2 3
Duration (hr.) 1200 717 4 2 4 411
Energy
(Kw-hr/m3)
27 45 2 4 0 3 1 0
Effluent pH 
(initial)
6 .4 3.7 4 .5 6 .0
Effluent pH 
(final)
7 .2 7.5 5 .8 5 .8
Voltage (volts) 
(V(max) - V(final))
2 2 - 1 8 2 2 - 1 8 58  - 40 98 - 44
E.O Permeability 
(K.x 1 0 7)
50  - 5 30  - 10 3 0  - 10 2 0 - 6
E.O Efficiency 
(K,)
0 .3 5  - 0 .0 8 0 .2  - 0 .0 6 0.11 -0 .04 0.1 - 0 .08
Flow (cm3) 304 604 713 463
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Table 5 .22  (continued)
Parameter
Test No.
Pb#h5 Pb#h9 Pb#h6 Pb#h8
Concentration
U/g/g)
864 753 835 1064
Current Density 
(mA/cm2)
0 .0 1 2 0 .037 0 .1 2 3 0 .123
Duration (hr.) 1684 567 350 301
Energy
(Kw-hr/m3)
11 28 165 301
Effluent pH 
(initial)
5.2 N/A 6.0 N/A
Effluent pH 
(final)
9.5 7.0 6.2 6.2
Voltage (volts) 
(V(max) - V(final))
5 - 5 14 - 10 50 - 25 - 65 40  - 25 - 35
E.O Permeability 
(K. x 10'7)
30  - 20 6 0 - 2 0 4 0  - 6 3 0 - 1 5
E.O Efficiency 
(K.)
0 .3 0  - 0 .08 0 .3  - 0 .0 4 0 .15  - 0 .04 0.1 - 0 .04
Flow (cm3) 142 357 584 648
156
Table 5 .22  (continued)
Parameter
Test No.
Pb#h10 Pb#h13 P b#h11 P b#h12
Concentration
{(JQ/Q)
82 75 68 75
Current Density 
(mA/cm2)
0 .0 1 2 0 .0 3 7 0 .1 2 3 0 .1 2 3
Duration (hr.) 1463 614 213 3 3 9
Energy
(Kw-hr/m3)
13 24 108 155
Effluent pH 
(initial)
1.8 3 .8 5 .0 4 .0
Effluent pH 
(final)
11.6 7 .0 6.2 6 .2
Voltage (volts) 
(V(max) - V(final))
1 - 18* 13 - 12 58 - 40 60  - 28  - 38
E.O Permeability 
(K„ x 10-7)
3 95 - 10 3 0 - 2 0 3 5 - 1 8
E.O Efficiency 
(Kj)
0.01 0 .5  - 0 .05 0 .1 2  - 0 .0 6 0 .1 5  - 0 .05
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increase in the current density, which increases the rate of production and 
introduction of H+ and OH' ions into the medium. As a result of these increases 
the electrolyte concentration of the medium increases. The increase in the 
electrolyte concentration would result in a decrease in the thickness of the double 
layer, reducing the electro-osmotic water transport efficiency.
Figure 5.30 presents the maximum values of the electro-osmotic water 
transport efficiency Kj, (cm3/amp.sec), as a function of current density. The 
substantial decrease in K, with increasing the current density is depicted in this 
figure. A better understanding to this decrease is provided by the empirical 
equation given in 2.1.
( Kg I )/a = IQ I (5.4)
Since Kg is relatively constant in tests with different current densities, (Fig. 5.28), 
and that the conductivity of the medium increases by increases in the current 
density, (Fig. 5.29), then K; is inversely related to the current density.
The power consumption is given by the following equation;
P = dEu/dt = V I = I2 R = V-la (5.5)
Therefore, in tests conducted at constant current densities, it is expected that the 
power consumption change with the conductivity of the cell. However, the overall 
conductivity of the cell decreases at early stages of the process and reaches a
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consumption should be function of I2. Figure 5.31 presents the current density 
versus the power per unit volume of soil used in these tests. It indicates that 
increasing the current density from to I2 will increase the power consumption 
per unit volume of soil by a factor o f^ /Ii)2, (where I is DC current, amp). It is 
possible to predict the cost of the process for a certain period of time by using 
Figure 5.31. However, this data is valid for only the tests conducted in this study.
The above results demonstrate the feasibility of removing contaminants at 
different current densities and at concentration up to the CEC of the clay mineral. 
The study shows that lower energy expenditure will be achieved by keeping the 
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The data enable the author to suggest the following reasons for the decrease 
in electro-osmotic flow rate and the increase in the electrical potential gradient 
across the cell during the electro-osmosis:
(1) The significant increase in the electrolyte concentration due to the diffusion 
and advection of the H+ ions into the specimen at the anode and the saturation of 
the clay surface by H+ ion is the fundamental reason for the decrease in flow rate 
in time. The resistance offered to current flow will be very low in zones with 
high hydrogen ion concentrations,
(2) The decrease in (the mobile) electrolyte concentration due to the increase 
in pH and due to the removal of anions by migration and cations by precipitation 
at the cathode section increases the resistance to current flow. As a consequence, 
the electrical potential across the cell increases.
The major implication of these findings is that the electrical potential 
gradients are nonlinear across the cell. This nonlinearity has been noted in 
previous studies (Wan and Mitchell, 1976). This hypothesis is further verified by 
figure 5.19. Most of the electrical potential drop is in the cathode section of the 
cell where the conductivity is low. If the permeability of the specimen is low,
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there will be an insufficient supply of pore fluid to the cathode zone from the 
anode zone leading to suction and a consolidation process in the anode region. 
Previous studies have reported suction pressures (Esrig and Gemeinhardt, 1968) 
and consolidation (Acar, et ai., 1991) in tests conducted with an open electrode 
configuration, supporting this hypothesis.
Lockhart (1983) demonstrated that the efficiency of flow in the process can 
depend on the pH of the porous medium. The results of the present study clearly 
substantiate this earlier observation. When low pH conditions are promoted at the 
anode, electrolyte concentration rises rapidly at the anode section of the specimen 
and gradually across the cell, leading to a decrease in potential drop, decreasing 
flow from the anode to the cathode.
The boundary conditions for flow (open or closed electrode configuration) 
and current density, together with the initial electrolyte concentration in the soil, 
will result in the development of significantly different chemistry across the 
electrodes.
Efficiency
This study indicates that several variables affect the efficiency of removing 
contaminants from soils by electro-osmosis:
(1) Chemistry Generated at Electrodes: Low-pH conditions generated at the anode 
cause desorption and ionization of most heavy metals and inorganic chemicals.
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However, a flux of high H+ ion concentration also results in the increase in 
conductivity, decrease in the thickness of the double layer, and decrease in 
electro-osmotic flow. The pH conditions at the anode and the cathode may be 
strictly controlled and adjusted for continued flow. This adjustment depends on 
the cation exchange capacity of the soil, the type and concentration of the 
chemicals in the soil and the initial pH of the medium.
(2) Water Content of the Soil: Electro-osmotic flow is promoted at higher water 
contents (Gray, 1970). Therefore, at this state of knowledge regarding this 
process, high moisture content deposits should be favored.
(3) Saturation of the Soil: Recent data on compacted soils (Mitchell and Yeung, 
1991) indicate that k,. changes slightly with backpressure. Although there is no 
other factual data, this suggests that the technique can be used in partially 
saturated deposits by supplying a pore fluid at the anode.
(4) Behavior of Primary Chemicals in the Soil at Different pH Conditions: The 
chemistry in the system is governed by the pH gradients across the soil mass. 
A knowledge of the behavior of the primary chemicals in different pH 
environments is necessary for a better understanding of the efficiency and the 
decision on the required processing conditions and time.
(5) Type and Concentration of Chemicals in the Soil: An increase in the 
conductivity of the specimen results in a decrease in the resistance offered to 
current flow and hence the ion flow is governed more by diffusion and migration.
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Soils with low initial ionic strengths favor high electro-osmotic efficiencies.
(6) Current Density: At an inert anode and for 100 % Faradaic efficiency for 
water oxidation, the density of the current controls the flux of H+ ions. The 
control of current dehsity is critical to ensure the optimal electro-osmotic 
efficiency and contaminant removal. The cathodic current density and species 
available in its vicinity establish the efficiency of the reduction processes. These 
vary to a greater extent than the anode process because the pH and the species 
reaching the cathode will vary with processing time.
(7) Conditioning: Similar to the changes in current density, the pore fluid at the 
anode and cathode compartments can be conditioned to a specific pH or chemistry 
to increase the efficiency of the process.
This study demonstrates that electrokinetic soil processing can be used 
efficiently to remove inorganic cations from soils and explains the fundamental 
underlying mechanisms by which the process occurs. The results also lead the 
author to suggest that it is essential to control the extent of the electrode reactions 
and influent/effluent chemistry in order to improve the efficiency of the electro- 
osmotic flow when the technique is used as a remediation process. Although the 
concentrations of Pb(D) used in this study varied between 70 fig/g to 1060 /*g/g, 
Cd(II) concentration was 100 to 114 ng/g, and Cr(III) concentration was 100 /xg/g 
of dry kaolinite, a recent pilot-scale field study demonstrates that the process 
effectively decreased Cu(IH), Pb(II), Zn(II), and As(IlI) at concentrations of 200
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ppm to 5000 ppm by more than 50 percent (Lageman, 1989). These preliminary 
studies confirm that the process has potential for large scale applications in 
remediation.
The soils processed by Lageman (1989) had conductivities of 2000 to 
3000 /*siemens/cm, significantly higher than the Pb(H), Cd(II) , or Cr(m) loaded 
kaolinite used in this study ( 80 to 600 /jsiemens/cm). Lageman (1989) used a 
very high current density of 0.8 mA/cm2. This caused excessive heating of the 
soil mass from 12°C to 40°C. Lageman notes that conductivity increased by a 
factor of two during processing. The energy expended during an eight week 
period of processing increased to 288 kW-hr/m3. However, the author observed 
that the removal process is not necessarily made more efficient by merely 
increasing the current densities.
At this state of knowledge regarding this innovative remediation 
technology, it is apparent that a better understanding of the relation between the 
electrochemistry presented and the electro-osmotic flow is necessary for efficient 
use and optimization of the process. Electro-osmotic flow and energy expenditure 
are controlled by the variations in conductivity across the cell. An understanding 
of the reasons for the conductivity decrease at the cathode section and its relation 
to flow conditions is essential. It is noted that the process temporarily acidifies 
the soil mass. There also exists the need to establish the time and conditions 
required for restoration of a particular site to its original pH conditions.
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6.2 CONCLUSIONS
The following conclusions are obtained from this study which investigated 
Pb(II), Cd(II), and Cr(TII) removal from saturated kaolinite specimens.
(1) The acid front generated at the anode in electro-osmosis flushes
across the specimen ultimately, decreasing the pH of the effluent,
(2) In response to the advance of the acid front across the cell,
significant variations occur in chemistry and conductivity across the 
cell. The pore fluid and specimen conductivities increase in time at 
the anode section of the cell,
(3) The conductivity in the cathode section decreases in time in 
response to changing electrolyte concentrations. This decrease in 
conductivity is displayed externally by the increase in net resistance 
and the voltage needed across the electrodes to maintain the constant 
current,
(4) The coefficient of electro-osmotic permeability, and electro- 
osmotic water transport efficiency, k,, decrease in time as a 
response to an increase in voltage across the cell and/or the decrease 
in flow,
(5) Experiments indicate that the analytical model for acid/base 
distributions provides an understanding for the development of pH 
gradients in electrokinetic processing of soils,
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(6) Pb(II) at levels of 70 jxg/g to 1060 jxg/g of dry kaolinite is 
efficiently removed by electrokinetic soil processing. The 
removed Pb(lI) is found mostly electroplated at the cathode.
The removal efficiency exceeded 95 % of the initial 
concentration in the anode zone.
(7) Cd(II) at levels of 100 /xg/g to 114 /xg/g of dry 
kaolinite is efficiently removed by electrokinetic soil processing. 
The removed Cd(II) is found mostly electroplated at the cathode. 
The removal percentage of Cd(II) in the anode zone was more than 
98%,
(8) Cr(lH) at levels of 63 /xg/g to 81 /xg/g of dry kaolinite is partially 
removed by electrokinetic soil processing. Part of the removed 
Cr(III) is found electroplated at the cathode. The rest was found at 
accumulated in the cathode segments of the specimen,
(9) The removal of heavy metals is due to flushing of the acid generated 
at the anode across the specimen resulting in desorption of 
inorganic metals together with its migration and advection by 
electro-osmotic flow,
(10) In short duration tests in which the acid front does not completely 
flush across the specimen, Pb(II) is removed at the acidified anode 
section, while it accumulated at the cathode section,
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(11) The energy expended in tests at higher current densities was 
higher by cne order of magnitude than the tests conducted 
at lower current densities,
(12) The energy expended in tests in which Pb(II) is effectively removed, 
varied between 10 kW-hr/m3 to 306 kW-hr/m3 mainly depending 
upon the current density,
(13) The energy expended in tests in which Cd(II) is effectively 
removed, varied between 50 kW-hr/m3 to 106 kW-hr/m3 mainly 
depending upon the duration of the test,
(14) The energy expended in tests in which Cr(III) is partially removed, 
varied between 39 kW-hr/m3 to 118 kW-hr/m3 mainly depending 
upon the duration of the test,
(15) Similar degrees of removal was achieved in tests conducted at lower 
densities and longer times when compared with tests conducted at 
higher densities and shorter times. Substantially higher energy 
expenditure was necessary in tests at higher current densities.
(16) Initial concentrations of contaminants below the cation exchange 
capacity have no major affect on the efficiency of electrokinetic soil 
processing.
The chemistry and flow in electro-osmosis are dependent upon the 
electrolytes generated at the electrodes and the initial chemistry in the specimen.
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The physico-chemical interactions, ion flow associated with the current, and the 
geotechnical properties of soils after electro-osmotic flow are strongly influenced 
by the chemistry developed in the system. The process could be used in practice 
for flushing soils with acid, or other types of electrolytes and also for prospecting 
minerals in deposits. Electrokinetic soil processing has the potential to be used in 
soil remediation in the field as well as in the laboratory.
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EXPERIMENTAL RESULTS FOR Pb(II), Cd(II), AND Cr(III).
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Cd #1 Cd #2 Cd #3 Cd #4
Initial Final Initial Final Initial Final Initial Final
0.0 0.1 79.4 11.2 74.7 6.7 72.9 .1 66.8 4.4
0.1 0.2 77.6 39.9 74.0 4.3 72.2 .1 65.5 5.1
0.2 0.3 77.6 12.3 74.4 5.1 71.9 .1 65.7 5.5
0.3 0.4 78.5 19.4 74.2 5.5 71.6 .1 66.0 4.3
0.4 0.5 77.9 22.4 74.0 8.0 72.3 .1 66.0 4.6
0.5 -0.6 76.8 79.9 75.0 8.2 71.5 .1 67.4 2.0
0.6 0.7 77.3 21.4 74.5 9.9 71 .1 66.6 1.0
0.7 0.8 77.8 53.4 73.9 9.5 71.5 .2 65.8 .6
0.8 0.9 78.1 112 74.6 11.8 71.7 .4 65.8 1.0
0.9 1.0 79.1 1267 75.0 88.4 72.9 12.6 67.5 117.4
Table A.2 Concentration of Cr(lll), ng/g
Normalized Test Number
Distance
from Cr #1 Cr #2 Cr #3 Cr #4
Anode Initial Final Initial Final Initial Final Initial Final
0.0 - 0.1 71.9 21.9 75.4 48.7 64.2 19.2 81.2 28
0.1 - 0.2 71.7 25.4 73.8 56.2 63.4 24.4 78.1 29.3
0.2 - 0.3 72.3 30.6 72.7 59.5 63.1 26.7 76.4 35
0.3 - 0.4 73.4 40.5 72.0 59.8 64.4 32.9 75.3 37.4
0.4 - 0.5 74.4 48.9 73.0 66.5 65.9 43 76 42.8
0.5 - 0.6 75.5 58.6 73.0 72.5 65.3 56.6 76.5 57.5
0.6 - 0.7 76.6 73 74.9 71.7 66.0 58.8 78.5 69.2
0.7 - 0.8 78.9 84.9 74.7 76.8 66.8 79.9 75.9 70.8
0.8 - 0.9 81.3 137.4 74.4 80.5 66.8 184.4 76.2 80.2
0.9 - 1.0 75.1 169.3 76.8 138.4
Table A .3  pH d istributions ac ro ss  th e  spec im ens.
Normalized Test
Distance
from Pb #h1 Pb #h2 Pb #h3 Pb #h4
Cathode IS LP PF IS LP PF IS LP PF IS LP PF
0 .0  - 0.1 4 .8 6 4 .7 5 7 .60 4 .40 4 .25 7 .70 5 .00 5 .00 8 .44 4.31 4 .25 7 .45
0.1 - 0 .2 4 .65 3 .5 0 6 .70 4 .50 4 .25 7 .80 4 .62 3 .75 7 .07 4 .15 3 .75 6 .68
0 .2  - 0 .3 3 .52 3 .0 0 5 .97 4 .50 3 .25 7 .30 4.01 3 .0 0 6 .00 4.01 3 .5 0 6 .70
0 .3  - 0 .4 2 .95 2 .0 0 3 .2 4 4 .50 3 .00 6 .45 3 .29 2 .25 3 .29 3 .70 3 .00 6 .60
0 .4 - 0 .5 2 .34 2 .0 0 2 .59 2 .70 2 .25 3 .03 2 .96 2 .00 3 .04 2.23 1.75 2 .54
0 .5  - 0 .6 2 .00 2 .00 1.77 2 .50 1.50 2 .22 2.71 1.50 2.71 1.68 1.25 1.53
0 .6 - 0 .7 1.92 1.75 1.83 2.22 1.50 1.90 2 .57 1.50 2 .56 1.51 1.25 1.35
0 .7  - 0 .8 1 .64 1.50 1.73 2 .00 1.50 1.66 2 .48 1.50 2 .42 1.34 1.25 1.30
0 .8  - 0 .9 1.66 1 .25 1 .52 2 .82 1.50 1.72 2.41 1.50 2.35 1.40 1.25 1.21
0 .9  - 1.0 1.57 1 .00 1.63 1.62 1.25 1.47 2 .34 1.50 2.27 1.18 1.50 1.20
Table A .3  (continued)
Normalized Test
Distance
from Pb #h5 Pb #h6 Pb #h8 Pb #h9
Cathode IS LP PF IS LP PF IS LP PF IS LP PF
0 .0 - 0 .1 4 .35 5 .5 0 6 .90 4 .30 5 .50 8 .15 4 .70 5 .00 7.95 4 .4 8 5 .00 7.69
0.1 - 0 .2 3 .7 5 5 .0 0 7 .90 3 .90 4 .0 0 8 .50 3 .35 4 .25 8 .07 4 .0 6 3 .25 7 .69
0 .2  - 0 .3 3 .83 N/A 7 .44 3.81 3 .75 3 .32 2 .70 3 .80 3 .28 3 .05 2.25 3 .79
0 .3  - 0 .4 2 .83 N/A 3 .83 2.95 2.75 2 .54 2 .13 1.75 2.31 2 .34 1.75 2.65
0 .4 - 0 .5 2 .59 N/A 3 .02 1.95 2 .50 2 .04 2 .09 1.50 2 .08 2 .18 1.50 2 .36
0 .5  - 0 .6 2 .42 N/A 2 .68 1.81 1.75 1.88 2 .02 1.50 1.99 1.96 1.50 2 .17
0 .6 - 0 .7 2 .29 N/A 2 .55 1.62 1.50 1.62 1.97 1.50 1.92 1.90 1.50 2 .13
0 1 o bo 2 .25 N/A 2 .40 1.68 1.50 1.62 1.90 1.50 1.36 1.86 1.50 2.05
0 .8  - 0 .9 2 .23 N/A 2 .22 1.67 1.50 1.77 1.87 1.25 1.77 1.80 1.50 1.93
0 .9  - 1.0 2 .50 1.50 2 .20 1.76 1.50 2 .20 1.91 1.50 2 .08 1.61 1.25 2.07
oo4̂
Table A .3 (continued)
Normalized Test
Distance
from Pb #h10 Pb # h 1 1 Pb #h12 Pb *h13
Cathode IS LP PF IS LP PF IS LP PF IS LP PF
0 .0 - 0 .1 4 .82 5 .00 8.41 4 .25 5 .00 8 .49 4 .52 N/A 8.50 3 .96 N/A 8.13
0.1 - 0 .2 4 .64 3 .5 0 8.51 40 .5 4 .50 8 .19 4 .15 N/A 8.41 3 .49 N/A 4 .83
0 .2  - 0 .3 4 .50 3 .25 8 .44 4 .1 0 3 .75 7 .86 3 .3 4 N/A 3.41 2 .59 N/A 2 .70
0 .3  - 0 .4 3 .40 3 .2 5 3 .49 3 .5 0 3 .00 5 .80 2 .37 N/A 2.25 2 .28 N/A 2 .28
0 .4 - 0 .5 2 .76 2 .75 2 .79 3 .1 0 2 .00 2 .67 2.15 N/A 2 .04 2.17 N/A 2.15
0 .5  - 0 .6 2 .52 2 .5 0 2.51 2.49 1.75 2 .67 2 .07 N/A 1.82 2 .14 N/A 2.09
0 .6 - 0 .7 2 .33 2 .25 2 .2 6 2.05 1.50 1.97 2 .07 N/A 1.89 2.13 N/A 2.01
0 .7 - 0 .8 2 .20 2 .25 2 .10 1.99 1.50 1.91 2 .08 N/A 1.89 2 .06 N/A 1.95
o 00 } o CO 2 .08 2 .0 2 .03 1.76 1.25 1.91 2 .00 N/A 1.83 2.01 N/A 1.74
0 .9  - 1.0 1.93 1 .50 1 .96 1.93 1.75 1.72 1.78 N/A 1.84 2 .05 N/A 1.83
oo
Table A.4 Measured conductivity values across the cell.
Norm alized T e s t
D istance
from Pb #h1 Pb #h2 Pb #h3 Pb # h 4 Pb #h5 Pb # h 6
A node ISC PFC ISC PFC ISC PFC ISC PFC ISC PFC ISC PFC
0 . 0 - 0 . 1 118 1 1 6 8 0 68 8 7 4 0 3 6 3 5 1 7 0 5 1 9 1 1 0 2 0 87 6 2 0 0 8 4 1 7 6 0 0
0.1  - 0 .2 38 1 1 5 3 0 6 8 7 5 0 0 3 5 8 4 4 4 0 5 1 0 1 1 5 2 0 87 5 3 1 0 8 4 1 6 6 0 0
0 .2  - 0 .3 59 9 7 2 0 67 5 7 5 0 3 3 8 3 6 0 0 5 0 5 1 0 0 1 0 9 0 4 3 3 0 8 4 1 1 3 2 0
0 .3  - 0 .4 57 7 7 3 0 6 6 4 0 7 0 3 0 5 2 8 3 0 481 8 9 1 0 91 3 1 5 0 8 5 1 1 2 2 0
0 .4  - 0 .5 58 5 9 0 0 6 5 2 6 0 0 2 5 5 2 0 7 0 4 2 0 6 1 0 0 9 0 2 3 8 0 83 9 0 0 0
0 .5  - 0 .6 12 2 9 8 0 56 461 115 1 1 2 0 2 3 0 7 8 2 8 2 1 2 2 0 7 4 6 4 1 0
0 .6  - 0 .7 2 0 941 2 5 51 89 3 4 3 2 6 6 4 .4 77 341 12 1 8 6 0
0 .7  - 0 .8 10 167 12 4 2 27 5 0 12 115 6 2 7 8 14 1 4 2
0 .8  - 0 .9 10 87 11 5 5 9 28 10 4 6 16 78 9 4 5
0 .9  - 1 .0 11 101 11 5 5 9 4 7 15 4 7 12 158 6 6 4
oo
Os
Table A .4 (continued)
Norm alized T e s t
D istance
from Pb </h8 Pb # h 9 Pb # h 1 0 Pb # h 1 1 Pb # h 1 2 Pb # h 1 3
A node
ISC PFC ISC PFC ISC PFC ISC PFC ISC PFC ISC PFC
0 . 0 - 0 . 1 6 4 1 4 3 0 0 87 8 1 5 0 N/A 9 4 6 0 9 2 1 4 1 0 0 51 1 0 1 3 0 1 3 5 0 1 1 7 7 0
0.1  - 0 .2 63 1 5 7 0 0 87 9 7 0 0 N/A 7 7 0 0 97 1 0 7 5 0 4 9 1 1 8 5 0 63 1 0 7 6 0
0 .2  - 0 .3 97 1 4 7 0 0 9 0 7 8 5 0 N/A 6 4 0 0 9 6 1 0 9 4 0 51 9 9 5 0 6 5 9 6 5 0
0 .3  - 0 .4 103 1 3 3 0 0 91 6 5 0 0 N/A 4 3 9 0 9 0 9 0 0 0 5 3 9 9 0 0 1 0 0 0 8 2 4 0
0 .4  - 0 .5 9 8 1 0 9 7 0 • 9 0 5 5 0 0 N/A 3 0 4 0 8 6 7 3 4 0 5 0 8 9 4 0 1 2 2 5 6 8 2 0
0 .5  - 0 .6 98 8 9 6 0 8 2 3 9 7 0 N/A 1 5 5 0 8 5 2 3 5 0 4 7 6 1 0 0 1 0 9 5 5 5 4 0
0 .6  - 0 .7 95 4 9 6 0 7 7 2 0 9 0 N/A 3 4 9 71 1 2 4 4 6 4 8 4 0 4 2 3 4 9 0
0 .7  - 0 .8 8 0 7 7 0 6 2 3 5 7 N/A 4 0 19 7 4 4 4 7 9 6 4 2 1171
0 .8  - 0 .9 19 9 8 16 5 8 N/A 3 0 17 1 2 2 2 0 1 8 4 11 6 8
0 .9  - 1 .0 10 123 12 5 8 N/A 73 14 152 18 2 0 0 12 83
Table A.5 Concentration of Pb(ll), f j g l g .
Normalized T est
D istance
from Pb #h1 Pb #h2 Pb #h3 Pb #h4 Pb #h5 Pb #h6
A node
Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final
0 . 0 - 0 . 1 4 3 5 .4 4.1 5 2 2 .0 1 1 .0 4 9 3 .4 3 3 .4 4 8 8 .9 1 0 .0 8 7 0 .0 8 4 .0 7 9 7 .0 1 3 .0
0 .1  - 0 . 2 4 3 1 .1 5 .3 5 2 1 .0 14 .0 4 9 1 .9 3 0 .4 4 8 7 .4 6 .9 8 7 0 .0 7 6 .0 7 9 9 .0 1 9 .0
0 .2  - 0 .3 4 3 1 .4 6 .4 5 1 7 .0 1 9 .0 4 9 1 .4 3 3 .4 4 8 5 .0 6 .7 8 7 0 .0 7 5 .0 8 0 0 .0 1 1 .0
0 .3  - 0 .4 4 3 0 .7 1 1 .5 5 1 5 .0 2 4 .0 2 9 0 .8 3 7 .0 4 8 9 .3 7 .6 8 7 0 .0 3 6 .0 8 0 0 .0 1 4 .0
0 .4  - 0 .5 4 3 0 .8 5 1 .2 5 1 5 .0 2 4 .0 4 9 0 .2 3 6 .6 4 8 6 .3 1 0 .4 8 7 0 .0 7 4 .0 8 0 0 .0 2 6 .0
0 .5  - 0 .6 4 3 1 .6 4 2 .4 5 1 4 .0 3 0 .0 4 9 1 .6 3 2 .0 4 8 6 .6 8 .7 8 7 .0 6 4 .0 8 0 0 .0 2 5 .0
0 .6  - 0 .7 4 3 2 .0 20 .1 5 1 4 .0 3 1 .0 4 9 1 .9 2 9 .7 4 8 8 .3 1 1 .6 8 7 0 .0 5 7 .0 7 9 9 .0 3 2 .0
0 .7  - 0 .8 4 3 1 .1 17 .9 5 1 8 .0 2 4 .0 4 9 3 .8 2 8 .7 488 .1 1 1 .0 8 7 0 .0 4 6 .0 7 9 9 .0 3 3 .0
0 .8  - 0 .9 4 3 2 .0 4 8 .0 5 1 5 .0 1 1 4 .0 4 9 4 .0 4 9 .6 4 8 6 .0 11 .3 8 7 0 .0 4 9 .0 8 0 2 .0 2 4 .0
0 .9  - 1 .0 4 3 6 .6 1 2 0 0 5 2 1 .0 3 7 6 8 .0 4 9 7 .9 3 7 0 3 4 8 9 .0 1 5 0 0 .0 8 7 0 .0 8 6 6 0 .0 7 9 8 .0 3 5 0 1 .0
Table A.5 (continued)
Normalized T es t
D istance
from Pb #h8 Pb 0h9 Pb # h 1 0 Pb # h 1 1 Pb #h 1 2 Pb #h 1 3
Anode Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final
0 . 0 - 0 . 1 8 9 3 .0 1 3 .0 9 7 1 .0 5 1 .0 7 1 .0 1 6 .0 6 6 .0 1 6 .0 7 2 .0 3 .5 7 2 .8 8 .0
0 .1  - 0 . 2 8 9 6 .0 4 2 .0 9 6 6 .0 5 6 .0 7 1 .0 1 3 .0 6 6 .0 1 2 .0 7 2 .0 4 .0 7 2 .6 9 .0
0 .2  - 0 .3 8 9 7 .0 2 2 .0 9 6 6 .0 8 1 .0 7 0 .0 1 3 .0 6 6 .0 9 .0 7 2 .0 4 .0 7 2 .6 1 0 .0
0 .3  - 0 .4 8 9 8 .0 2 4 .0 9 6 5 .0 9 5 .0 7 0 .0 1 3 .0 6 6 .0 1 6 .0 7 2 .0 5 .5 7 2 .6 1 1 .0
0 .4  - 0 .5 8 9 8 .0 2 8 .0 9 6 5 .0 1 2 0 .0 7 0 .0 1 2 .0 6 6 .0 1 7 7 .0 7 2 .0 5 .0 7 2 .7 1 4 .0
0 .5  - 0 .6 8 9 8 .0 4 9 .0 9 6 5 .0 1 2 4 .0 7 0 .0 1 2 .0 6 6 .0 1 4 .0 7 2 .0 8 .0 7 2 .6 1 7 .0
0 .6  - 0 .7 8 9 6 .0 5 3 .0 9 6 6 .0 1 1 7 .0 7 0 .0 1 1 .0 6 6 .0 1 1 .0 7 2 .0 8 .0 7 2 .7 1 7 .0
0 .7  - 0 .8 8 9 7 .0 5 7 .0 9 6 8 .0 7 6 .0 7 0 .0 1 0 .0 6 6 .0 1 1 .0 7 2 .0 9 .0 7 2 .7 1 6 .0
0 .8  - 0 .9 8 9 6 .0 3 7 .0 9 6 8 .0 7 2 .0 7 0 .0 1 1 .0 6 6 .0 1 6 .0 7 2 .0 9 .0 7 2 .7 1 5 .0




















f  P b # h 3
\r^\
P b # h 2
100100
90











TIME ( hours )
i r \ P b # h 4
j * » j * ■ » « * » ■ 1 ■
200 400 600
TIME ( hours )
800



































600 1200 16000 400


















TIME ( hours )
200 400 600 BOO
TIME ( hours )









£  10 - 10
5
■ * 1 1 ‘ 1 ‘ 1 1 ‘ 1 1 « -«—J Q
0 300 600 900 1200 1500 0 BOO400 600200






^  20 20
10
0
BOO 200 600 BOO600 0200 400 4000
TIME ( hours ) TIME ( hours )




















TIME ( hours )
300200100




















TIME ( hours )
200100

















P b # h l O
100
0
800300 400 500 600 7000 100 200
TIME ( hours )
















BOO0BOO 400 600200 600400
TIME ( hours ) TIME ( hours )
Figure A.3 Changes in Electro-osmosis Coefficient of Permeability
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Figure A.4 Changes in Electro-osmosis Coefficient of Water Transport









TIME ( hours )
600 200 400 600 BOO





600400 BOO2000600 BOO200 4000
TIME i hours ) TIME ( hours )
Figure A.4 Changes in Electro-osmosis Coefficient of Water Transport






P b # h l O
200 400 600
TIME ( hours )
l
P b # h l 3
10-
io-
BOO 200 400 600








P b # h l 2
10‘*
BOO400 600200BOO 0600400200
TIME ( hours ) TIME ( hours )
Figure A.4 Changes in Electro-osmosis Coefficient of Water Transport















































1.5 2.00 0 .5 1.0
Pore Volumes of Flow Pore Volumes of Flow
Figure A.5 Effluent pH versus the Pore Volumes of Vlow
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TWO-DIMENSIONAL FINITE ELEMENT METHOD FORMULATION 
FOR THE ANALYTICAL MODEL
B.l VARIATIONAL FORMULATION
The differentia] equation to be solved is given by,
Dx C „ + Dy C yy - V, C , - Vy C , = R C (B-l)
with flux or constant concentration boundary conditions. The equation was
developed in one-dimension; however, the terms in y direction are added for a
complete numerical treatment. This equation contains a strong variational
principle. The integral equation corresponding to equation B.l is given as,
1 = lv |D, C „  + D„ Cyy - V, C , - v y C , - R C] dV (B.2 )
where V constitutes the volume integral over the problem domain. The first
variation of this integral equation is given by,
6,1 = 5 C Jv [Dx C xx + Dv C yy - Vx C>x - Vy C y - R C] dV (B.3)
and since the energy must be minimized, the first variation must give,
5,1 = 0 (B.4)
Equation B.3 can be further simplified to decrease the order of differentiation by
integration by parts. This operation is carried out in order to select a lower order
approximation function. Taking only the diffusion term in x-direction.
lv 5 C D xx dV = - Jv Dx 5 C x 5 C x dV + D x 8 C C x | b (B.5)
The last term in equation (B.5) represents the boundary condition. It is noted that 
for zero flux conditions, the term C x drops out, while for constant concentration, 
the term 8C drops out. However, in case the flux at a boundary is specified, this 
term will not drop out and contribute to the solution. When a similar formulation 
is done for the Y term and it is substituted in equation B.3,
6,1 = - Jv Dx 8 C x C x dV - Jv Dy 8 Cy C y dV
- Jv Vx 8 C C x dV - Jv Vy 6 C Cy dV
- Jv R 8 C C dV + JA D x 8 C C x dA
+ JA D y 8 C Cy dA = 0 (B.6)
where A represents the area integral. At this point, it is necessary to discretize the 
domain, select local approximation functions, form local stiffness matrices 
representing each integral and add the contribution of each to a master stiffness 
matrix and solve the problem. The procedure used will be explained in the 
subsequent sections.
B.2 DOMAIN DISCRETIZATION AND LOCAL APPROXIMATION 
FUNCTIONS
Two dimensional 4-node quadrilaterals are selected in order to discretize the 
domain. Figure B.l depicts the quadrilateral and the selected shape functions 
which also give the local coordinate system. It is noted that since the shape 
functions and the local coordinate system are identical, the element used is 
isoparametric. Hence,
(x) = (N)t (x,) (B.7a)
211
N = _L (1 - 1) 0 - s)
1 4
n  = j_  a  + o (i - s)
2 4
N = 1  (1 + 0 (1 • s)
3 4
N = JL (1 - 1) (I + s)
4 4
Note: A counter clockwise system is adopted in 
element stiffness matrix generation
Figure B.l Element Formulation and the Shape Functions.
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{y} = (N}T {y,} 
{c} = {N}T {c,}
(B.7b)
(B.8)
where Xj, are the global values of the nodal coordinates and Cj is the nodal 
concentrations in the specific element.
The first variation of the integral equation given in equation B.6 requires 
that C x and Cy values be calculated. Since the concentrations in one element are 
discretized by equation B.8, the spatial derivatives x and y are now on the shape 
functions.
However, the shape functions are dependent upon the new local coordinates t and 
s. Consequently, by chain rule of differentiation:
{CJ = {N J T {c,} 
{C J = {N JT {Cj} (B.9b)
(B.9a)
dN, = 9 A/, dx + dNt dy 
dt dx dt dy dt
dN, _ dN, dx + dN, dy
9s dx ds dy ds
In matrix notation, equation B.10 could be expressed as
where [J] represents the Jacobian matrix. The requested x and y derivatives can 











dx dx  
ds dt
(B.13)
and the determinant | J I is called the Jacobian which is given by,
■ . dx dy  dx dy
1 1 I t  d s "  ds dt
The Jacobian matrix is evaluated by
* = £  N, *,m'\
(B.15)
y  = E  x-
/= i
(B.16)
where x,, are the nodal coordinates.
B.3 LOCAL MATRICES
The variational formulation given in equation (B.6) can now be formed at 
the local element k as,
5,1* = - Jv Dxk 5 Cxk C xk dV - Jv Dyk 5 C /  C j  dV
- J Vxk 8 Ck CIxk dV - J Vy 8 Ck Cjxk dV
- J Rk 8 Ck C* dV + Dix JA 8 C* C xk dA
+ D y J 8 Ck C yk dA (B.l7)
It is noted that 5,Ik would not equal to zero at the element level. Assuming that 
Dx, Dy, Vx, Vy and R are constants for the specific element and they are not a 
function of time and when equations B.8 and B.9 are substituted in B.17 
S,!k = {SC)T [- D,k [- D.k Jv [N J T [N J dV - Dyk Jv [Ny]T [Ny] dV 
- V,k Jv [N]T [N J dV - V,k Jv [N]T [N.y] dV] (C)
+ {8C)T [- R Jv [N f [N]] (C) + {8C]T [JA [N] C ,  dA 
+ JA[N ]C y dA] (B.18)
Note that C x and Cy values in the last two terms of equation (B.18) are the flux 
values supplied on the boundaries of the element.
The time derivative {C} is evaluated by using a finite difference scheme,
{£} -  ~ {C}> (B.19)
At
The volume and area integrals in equation (B.18) are calculated numerically by 
Gauss-Legendre polynomial integration routine. The four nodes of the 
quadrilateral results in a 4 x 4 matrix in all integrals where the shape function
matrix appears twice while a vector is formed in the ones with single shape 
functions. The resulting formulation can be represented by,
6 , /* = {5C1r  \{SKF]* { C } ^ , + I B 1  {CJ*A, -  (C l? + { O H  (B.20)
A t A t
where [SKF] matrix represents all terms at t+At and [E] matrix constitutes the time 
derivative.
B.4 GLOBAL MATRIX
The connectivity of each element is used to generate the global stiffness 
matrix as
8,I8 = {8C]T {At [SKF]8~{C]l+A8 + [EJ« {C}l+Atg
- [E]g {C]t8 +At {Q}} = 0  (B.21)
It is noted that when the global stiffness matrix is formed and the contributions 
from each element is accounted for, the first variation of the integral equation 5,1s 
must equal zero to minimize the energy input into the system. Since the variations 
{8C} are arbitrary, equation B.21 renders,
At [SKF]8 {C]l+Al8 + [E]8 [C]t+Al8 = [E]8 {C}8 = At {Q}8 (B.22)
when further condensed will give,
[Al]8 {C},+Alg = [E]8 {€}, - {RQ}8 (B.23)
B.5 SOLUTION IN TIME
The matrix equations given in B.23 are solved by using the available initial 
and boundary conditions. At any time step, both [Al]8 and [E]8 matrix are
multiplied by the constant boundary conditions and the elements corresponding to 
the unknown values are transformed to the right hand side to form a new known 
vector due to the boundary conditions, {RB}8.
[Al]8 [C]1+At8 = [E]8 [C], - {RQ}8 - {R}8 (B.24)
Next, the initial conditions [C]l=0 are multiplied by the [E]8 matrix to form a third 
known vector {RI}8,
[Al]8 [C]l+A, = [RI]8 - [RQ]8 - [RB]8 = [R]8 (B.25)
The stiffness matrix [Al]8 is then condensed and inverted. (Note: in coding, this 
operation is actually conducted at the element stiffness matrix level and only the 
matrix elements corresponding to unknown concentrations are left. This operation 
is done to minimize the required space to hold the Al matrix.)
( C U  = [Al]1 [R]8 (B.26)
The operation in B.26 would give the concentrations at the first time step. The 
concentrations in the second time step are evaluated as
[C]l=2Al = [Al]'1 {[E] [ C U  - [RQ] - [RB]} (B.27)
Therefore, the concentrations at a previous time step is used as initial values, while 
the constant flux and concentration boundary conditions do not change the values 
of [RQ] and [RB]. It is noted that once the [Al]'1 matrix is inverted in the first 
time step, this operation is no further needed for subsequent time steps. Choleski 
decomposition method is used in this inversion in coding of the above scheme.
It should be noted that since the first derivatives of concentrations appear 
in the velocity terms of the integral equation, the resulting matrix would be
nonsymmetrical and hence an appropriate nonsymmetric matrix solution routine 
needs to be utilized. The stability and accuracy considerations for one-dimensional 
problems are provided by Acar, et al. (1989).
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TWO-DIMENSIONAL FINITE ELEMENT METHOD 
CODE FOR THE ANALYTICAL MODEL
C.l INTRODUCTION
The differential equation solved is,
Dx C xx + C y Cyy - Vx C, - Vy C,y = R C (C.l)




= B (C .2b)
ay
(2) Drichlett B.C.
C = y (C3)
It should be noted that in solution either the first or the second type of boundary 
condition could be specified in solving a second degree parabolic partial 
differential equation.
The computer program is written in FORTRAN 77 and for an IBM 
compatible microcomputer. It is recommended to have 560K RAM memory and 
if large problems are solved, the availability of a fixed disk. This is mainly due 
to the fact that the element stiffness matrices are stored in the disk and sufficient
space is needed to perform this operation for a large scale problem. It is further 
noted that in the current version (88.01), the master stiffness matrix is inverted in 
the RAM memory and as the problem size increases beyond the capacity of the 
RAM memory erroneous results may be encountered. The size of the compiled 
executable file is approximately 360 Kb which leaves about 200 Kb of space for 
the solution. Assuming that each storage takes about 4 bytes of memory, and 
considering that a certain portion of this memory is taken by the operating system, 
approximately 40,(XX) spaces are available for the solution. In a square 
discretization, this corresponds to about 30 elements each in x and y direction.
C.2 FLOW CHART FOR THE PROGRAM AND THE SUBROUTINES
The flow chart for the main program is given in Figure C.l. It is noted that 
the data input could be furnished either from the screen or from a file. The screen 
input is stored into a file in the disk using which parametric studies could be done 
in further runs. It is recommended that the data is first input from the screen. 
This procedure avoids the labor of entering the data with a specific format, since 
it is readily stored in a specified file. The total dimension of the one dimensional 
array where the problem is solved is currently set at 40,000 by the two statements 











Figure C.l Row Chart of the Main Program
In case the problem size requires a larger dimension, these two statements should 
be changed.
The flow chart for SUBROUTINE INPUT is presented in Figure C.2. This 
routine stores the nodal point data, generates them if required by the user, gives 
equation numbers to each node according to the specified boundary conditions, and 
receives the initial concentrations at each node.
The SUBROUTINE ELEMENT calls another one, ELSTIF. The flow chart 
for ELSTIF is presented in Figure C.3. This routine receives each constant for the 
number of materials used in the problem. The element data, connectivity is 
provided. It is noted that a counterclockwise notation is used in the formulation 
and hence node numbers should be provided in a counterclockwise manner. The 
flux boundary conditions and the specified fluxes are input in this routine. The 
routine, afier receiving all this data, performs a Gauss-Legendre polynomial 
integration scheme to calculate the volume integrals. A four point scheme is used 
for plane problems and a 9-point scheme is used in an axisymmetric problem. The 
need to use a higher order scheme in axisymmetric problem arises since the order 
of the function to be integrated increases by one in the axisymmetric problems.
After conducting the integration by calling another subroutine, FORMB, the 
routine finally stores the [SKF], [E] and [RB] matrices in a file on disk and calls 
this file XXX.STF. This procedure is necessary if the concentration gradients are 
required throughout the domain in any problem (e.g., in dissipation of pore
RETURN
SUBROUTINE
INPUT INITIAL CONDITIONS 
AT EACH NODE
GIVE EQUATION NUMBERS 
TO EACH NODE
INPUT NODAL POINT DATA 
x,y COORDINATES AND 
CONSTANT BOUNDARY CONDITIONS
GENERATE NODAL POINT 
DATA ACCORDING TO 
SPECIFIED BOUNDARY CONDITIONS 
(IF REQUIRED)
Figure C .l  Flow Chart for Subroutine INPUT.




STORE SKF, E, AND RD IN 
FILE 3 FOR EACH ELEMENT
INPUT ELEMENT DATA CONNECTIVITY AND ANY FLUX 
BOUNDARY CONDITIONS ON THE ELEMENT
READ DISPERSION COEFFICIENT, VELOCITY, 
RETARDATION CONSTANT FOR THE NUMBER 
OF MATERIALS, READ PROBLEM TYPE
GENERATE LOCAL STIFFNESS MATRIX AND 
FLUX VECTORS BY CALLING FORMB 
AND USING GAUSS-LEGENDRE 
INTEGRATION SCHEME
Figure C.3 Flow Chart for Subroutine ELSTIF.
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pressure in a consolidation problem it may be necessary to find the gradients to 
calculate the flow).
Subroutine FORMB calculates the values of the integrals in equation (B.20) 
(except the constant vectors) at the specified Gauss-Legendre polynomial integration 
points and returns the values to ELSTIF for incremental addition routine. The 
Jacobian and the differentiation described in equations (B.9) through (B.16) are 
conducted discretely in this subroutine.
Subroutine GENER (Figure C.4) generates the master stiffness matrices [Al] 
and [E] and calculates {RB} matrix due to boundary condition, and adds the {RQ} 
matrix due to flux condition to the above two to generate the constant matrix which 
will not change all throughout the solution. These vector values are then stored to 
the bottom of both [Al] and [E] matrices.
The solution is accomplished in SUBROUTINE SOLVES. The flow chart for 
this subroutine is given in Figure C.5. This routine first calculates the {RI} matrix 
due to the initial conditions and adds to the constant vector calculated due to the 
boundary conditions. The constant vector is stored below the [Al] matrix in a one­
dimensional array. The Choleski decomposition inversion routine, SUBROUTINE 
CHOLES is then called to invert the [Al] matrix and also get the solution by multi­
plying the inverted matrix with the constant vector at the bottom of the [Al] matrix. 
The solution is then placed to the bottom of the same matrix. The results at the first 
time step are printed. Subsequently, depending upon the user requested number of
RETURN
SUBROUTINE GENER
ADD {RQ} + {RB} AND PLACE TO THE 
BOTTOM OF [Al] AND [E] MATRICES
MULTIPLY THE BOUNDARY CONDITION 
WITH Al AND {E} AND 
FORM {RS} MATRIX
READ [SKF] FOR EACH ELEMENT [E], {RB} 
MATRICES AND CORRESPONDING NODAL 
POINT NUMBER FROM FILE 3
FROM MASTER STIFFNESS MATRICES 
Al AND E IN A ONE-DIMENSIONAL 
ARRAY AND THE ELEMENTS 
WITHIN THE BANDWIDTH
Figure C.4 Flow Chart for Subroutine GENER.
CALL MODIFY WITH [E] FOR 
EACH INITIAL CONDITION 






PRINT RESULTS, STORE RESULTS 
IN AN ARRAY
CALL MODIFY WITH [E] 
AND PERVIOUS STEP’S 
INITIAL CONDITIONS
CALL CHOLES WITH CONDITIONS 
TO MULTIPLY THE INVERTED 
MATRIX WITH THE NEW 
CONSTANT VECTOR
CALL CHOLES 
WITH CONDITION 1 AND INVERT THE Al MATRIX 
GET THE RESULTS IN THE FIRST STEP
Figure C.5 Flow Chart for Subroutine SOLVES.
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cycles of iteration in time, first MODIFY is called to get the new {RI} matrix using 
the one previous solution as initial condition and CHOLES is used to get the 
solution. It is noted that in these call requests for CHOLES, it is no more necessary 
to invert the matrix since the inversion has been accomplished in the first time step. 
The solution is then read from the bottom of [Al] and is printed at output intervals 
requested by the user.
C.3 SPECIAL CONDITIONS
It should be noted that if the program is modified to include changes in 
velocity in time (nonlinearity in coefficients), the master stiffness matrix [Al] will be 
different in time. Therefore, it will be necessary to invert this matrix at each time 
step. Furthermore, the master stiffness matrix has to be regenerated at each time 
step and the boundary condition "vectors has to be recalculated.
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